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The use of ozone as a non-chemical alternative in stored grain protection was 
studied by conducting scale-up demonstrations using a fixed bed ozonation system and 
developing a semi-continuous counterflow and a continuous flow ozonation treatment 
system. The objectives of this research were to determine the efficacy of ozonation to 
control insect pests without affecting end-use quality; to prove the concept of the semi-
continuous counterflow ozonation system to ozonate grain at a faster rate and quantify its 
effect on mold growth reduction; to evaluate the efficacy of a modified screw conveyor 
for pest control by treating grain in a continuous-flow ozonation treatment system; and to 
determine technically feasible scale-up configurations of each ozonation treatment 
system including which is most cost-effective. Ozonation treatment in fixed bed systems 
resulted in 100% insect mortality for adults of maize weevil (MW) and red flour beetle 
(RFB) with no end-use quality effect on grain. The semi-continuous counterflow system 
was proven as an effective system to treat grain based on control of three key variables: 
airflow, ozone mass flow, and exposure time. Mold in stored grain was reduced by more 
than 50% for ozone cumulative CTP between 340 to 565 ppm-h. The continuous flow 
system proved to be effective resulting in 100% insect mortality for adult MW and RFB 
with an average grain retention time of 1.8 minutes and ozone concentration of 47,800 
ppm. The scale-up and economic analysis showed that continuous flow ozonation was 
predicted to have the lowest treatment cost of 1.21 $/MT compared to fixed bed 
ozonation (1.33 $/MT) and semi-continuous counterflow ozonation (2.72 $/MT) when 
xxi 
 
treating 1,272 MT of grain. Also, continuous flow ozonation was 55% more expensive 
than contract fumigation, but 29 and 43% less expensive than ambient aeration and grain 
chilling, respectively. Two comparative case studies for eradication of adult insects in 
stored grain on-farm (i.e., food grade maize and HRW) showed that traditional pest 
control (i.e., phosphine fumigation and ambient aeration plus phosphine fumigation) had 
a lower treatment cost per metric tonne of 35 and 25%, respectively, compared to the 
alternative techniques (i.e., continuous flow ozonation in Indiana and grain chilling plus 
continuous flow ozonation in Kansas). A comparison of blending odor-damaged sorghum 
from a hopper car at a grain export facility versus continuous flow ozonation showed that 
blending was more economically feasible as long as the discount price is below 1.21 
$/MT. Despite the higher treatment cost of ozonation, fixed bed, semi-continuous 
counterflow and continuous flow treatment systems can be scaled up in a technically 
feasible and economically viable manner within the limits of available generator 
capacities. Thus, ozonation can be used commercially by farmers, grain processors and 
seed producers as a non-chemical alternative for stored grain protection. 
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CHAPTER 1. INTRODUCTION 
Around the world, there has been an over-reliance on the use of synthetic 
pesticides like methyl bromide and phosphine in stored grain protection that has produced 
many important problems such as development of resistance by stored product pests, 
concerns with the environment (ozone depletion), and non-desirable side effects on non-
target organisms such as humans and animals. These side effects have raised public 
concern about the routine use and safety of pesticides including the phase out of methyl 
bromide under the Montreal Protocol (UNEP, 1995). Therefore, there is an increasing 
demand worldwide for the use of non-chemical alternatives for pest control such as 
temperature extremes, modified atmospheres, heat treatment of empty structures, physical 
exclusion, non-chemical protectants, biological controls, and the application of ozone to 
control stored product pests.  
1.1. Stored Product Pests and Grain Off-Odor 
Around the world, insects and molds cause considerable amounts of damage to 
grain producing economic losses to farmers, elevators managers and processors (Leesch, 
2002). Therefore, they are a constant threat to maintaining stored grain quality.  
1.1.1 Insects 
Insects besides consuming large amounts of stored grain will also cause other 
deteriorating factors that will affect the monetary value of the grain. Among these factors 
are damaged to kernels that can alter the overall perception of the quality of the grain, 
facilitation of the growth of other deteriorating organisms like mold, and contamination 
of grain with their shed skin, excrement and other by-products of their cycle of life, 
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which in some cases can produce off-odors (Perdersen, 1992). Insect populations in 
stored grain can be controlled or reduced up to a level where their effect on the quality of 
grain is minimal or none. In the grain industry, there are many techniques that can be 
used in a stored grain protection program such as utilizing grain aeration to reduce insect 
activity or applying chemicals (e.g. fumigation) to kill insects during storage. 
1.1.2. Molds 
Spores of molds are microorganisms that are present everywhere where stored 
grain is present. They reside on the grain surface, in the air, and in storage structures. 
Molds cannot produce their own food, so they obtain their nutrients by growing into their 
food source (substrate, such as grain. They release enzymes and other chemicals that 
make molecular changes in their substrate, in the case of grain these can cause spoilage 
(Reed, 2006). When grain molds are in an ideal environment, they will grow very rapidly 
causing grain quality deterioration which can lead to economic losses and can affect 
human health if the deteriorated grain is consumed. Molds also cause grain to heat, make 
it lose its ability to flow, cause caking, discoloring, and development of a musty odor 
during storage. It is known that Aspergillius, Penicillium, Cladosporium, Alternaria, 
Helminthsporium, and Fusarium are the most abundant fungal species found in field and 
stored grain (Sauer et al., 1992). To control mold growth, the best economically feasible 
technique is to prevent the development of ideal growing conditions, namely grain 
temperature and moisture content. For example, the use of aeration to maintain lower 
grain temperatures and reduce any possible heating.  
1.1.3. Mycotoxins 
Mycotoxins are metabolities produced by fungi (field or storage) that can grow on 
grain kernels both in the field and in storage, which are toxic to humans and animals. 
Among the most common mycotoxins found in grain are aflatoxins, zearalenone, 
thrchothenes, and ochratoxins. The grain temperature and moisture content are the most 
critical factors that affect mycotoxin production, but there are many physical, biological, 
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and chemical factors that will affect mycotoxin formation (Wilson and Abramson, 1992). 
The options for reducing mycotoxins during grain storage are very limited and they 
usually rely on grain cleaning for separation of broken grain and fines where mycotoxins 
tend to have a higher level of incidence. Usually grain end-users will rely on grain 
procurement techniques to avoid, when possible the purchase of mycotoxin contaminated 
grain. If the grain is already in storage, they will rely on grain management techniques 
like aeration to reduce growth of mold that produce mycotoxins, blending of 
contaminated grain with “clean grain” or in the case of animal feed producers use 
mycotoxins binders. 
1.1.4. Grain Off-Odors 
Off-odors found in grain are mainly related to spoilage cause by mold, but can 
also be associated with insect secretions or rodent or bird excrements or contaminants. 
The U.S. Federal Grain Inspection Service (FGIS) categorizes off-odors in grain as 
musty, sour, and commercially objectionable foreign odor (COFO) that if present in a 
grain lot, it will be categorize as sample grade (USDA-FGIS). The off-odors in grain are 
usually associated with volatile compounds which if they are from fungal spores can 
cause human respiratory problems (Sauer and Seitz, 1996).  
1.2. Ozone 
Ozone is a strong oxidant that has been widely used in gas form and mixed with 
water as a decontaminant in the food, medical and water supply industry. Its potent 
characteristics as an oxidant allow it to be useful in the food industry in many 
sterilization applications, especially if it is used for inactivation of pathogens and 
microorganisms (Tiwari et al., 2010). Therefore, the application of ozone in stored 
product protection makes it an alternative for pest control and reduction of 
microorganisms including mold and mycotoxins (EPA, 1999; Strait, 1998; Mendez et al., 
2003).  The history of ozone goes back to 1839 when it was first discovered by C. F. 
Schonbein, but it was first used commercially as a sterilization agent in the early 1900s 
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for treatment of urban water supplies (Kogelschatz, 1988). Currently, there are many 
applications of ozone in the food industry all of them focusing on the sanitation and 
sterilization of fruits, vegetables and meat products (e.g., apples, onion, potatoes, 
peppers, fish, poultry meats) that result in a decrease in their surface microbiological 
activity and an increase in their shelf-life. Also, ozone has been used at the industrial 
level for cleaning water, off-odor removal (e.g. smoke odor in hotel rooms), and lowering 
chemical and biological oxygen demand that is present in water treatment systems of 
food processing facilities (Rice et al., 1982; Majchrowicz, 1998).  
Ozone has several advantages when used as a microbial agent. For example, it has 
been labelled as Generally Recognized as Safe (GRAS) for use in the food industry by 
the United States Food and Drug Administration (Graham, 1997; FDA, 2001). It is 
environmentally friendly due to its rapid decomposition into oxygen atoms and leaves no 
residue on the treated grain (Mendez, et al., 2003). It is approved for use in organic 
programs in the United States by the National Organic Standard Board (NOSB) section 
205.605 under: “Nonagricultural (Nonorganic) Substances Allowed as Ingredients in or 
on Processed Products Labeled as ‘‘Organic’’ or ‘‘Made With Organic (Specified 
Ingredients or Food Group(s))’’ (USDA, 2007).  
1.2.1. Ozone Physical and Chemical Properties 
Ozone is formed in many ways either naturally in the stratosphere or artificially 
using generators that are commercially available and use different technologies like 
corona discharge, ultraviolet light, and electrochemical. Artificially produced ozone will 
decompose rapidly so it cannot be accumulated or transported. Therefore it must be 
continuous generated (Miller et al., 1978). It has a longer half-life as a gas than in an 
aqueous solution. According to Rice et al. (1986), “Ozone solubility in water is 13 times 
that of oxygen at 0 to 30ºC”. The ozone molecule consists of three oxygen atoms 
arranged at obtuse angles with a bond length between them of 1.278 A. 
The major physical properties of ozone are as follows: boiling point 
approximately -112ºC, melting point -192ºC, enthalpy 142.3 kJ/mol, molar mass 47.998 
g/mol, and gas density 2.144 g/l. Its oxidation-reduction potential is 2.07 mV, which is 
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higher than chlorine at 1.36 mV and hypochlorus acid at 1.49 mV, but lower than fluorine 
at 3.06 mV (Guzel-Seydim et al., 2004; McClurkin et al., 2009). Ozone has a 
characteristic odor similar to a pungent or rusty smell that is often described as “fresh air 
after a thunderstorm” (Guzel-Seydim et al., 2004). At standard temperature, it will have a 
pale blue color, but at the concentrations at which it is naturally or artificially produced, it 
is barely noticeable.  
1.2.2. Ozone Safety Considerations 
There are several safety considerations when using ozone gas in any food or grain 
application. Ozone has harmful effects on the respiratory tract causing damage to the 
pulmonary system (trachea, bronchi, and alveoli) when humans are exposed to 0.1 ppm 
(0.1 μmol/mol) for 8 hours and an immediate danger to life and health when it has a 
concentration of 5 ppm (5 μmol/mol) (Guzel-Seydim et al. 2004; OSHA, 2006). Animal 
exposure to ozone for longer periods (4-6 weeks) revealed that for dogs exposed at 0.65 
ppm it will cause rapid breathing and for rats exposed at 0.2 ppm it will cause lung 
damage. It has been reported that most humans can detect it when it is a concentration 
between 0.01 and 0.05 ppm (Miller et al., 1978). Artificially produced ozone, due to its 
oxidative behavior and instability in natural air, will not produce any environmental 
problems nor any heat or electrical hazards. However, ozone’s Material Safety Data 
Sheet (MSDS) classifies it as a poison gas with a toxic effect on the respiratory system, 
incompatibility with all oxidizable materials, flammable and an oxidizing material that 
will accelerate combustion and increase the risk of fire and explosion (OSHA, 2006).  
There are several safety controls and personal protection equipment (PPE) that are 
recommended to be used when handling artificially produced ozone in any type of 
application. For example, as a safety control, it is recommended that ozone analyzers are 
used to measure the ozone concentration at the application system (treatment system) and 
to quantify if the ozone threshold limit values for humans in the surrounding area where 
it is applied are over the limit. For personal equipment it is recommended to use gas tight 




Due to its oxidizing nature, it is important to note that ozone reacts faster with 
several common material surfaces. Therefore, in order to use ozone as a sterilization 
agent or pest control techniques, it should be determined which materials will be in 
contact with ozone in the application or treatment equipment or systems.  Lynntech 
(College Station, TX) developed a summarized list (Table 1-1) of observed compatibility 
of ozone with plastics and metals (McClurkin et al., 2009). 
Table 1-1. Summarized List of Ozone Compatibility Materials. 
Material Description 
Acrylic Poor, tends to become very brittle and weak 
Aluminum Fair, but note recommended for extended use 
Carbon Steel Very poor, corrodes very badly 
Galvanized Steel Poor, causes corrosion 
Low Density Polyethylene Fair 
Ployetherether Ketone Excellent 
Polycarbonate Fair, reacts with surface, losses transparency 
Polytetrafluoroethylene Teflon Excellent 
Stainless Steel 304 Poor, heavy corrosion 
Stainless Steel 316 Very good 
Source: Lynntech, College Station, TX 
1.3. Ozone Generation 
Ozone is a molecule made up of three oxygen atoms (O3). The basic principle to 
produce ozone consists of splitting diatomic oxygen molecules (O2) into free radical 
oxygen atoms using high energy input that after becoming free will react with two other 
oxygen molecules to form three oxygen molecules bonded together (Rubin, 2001). The 
reaction for this method is the following: 
 
3(O2) → (High energy) = 6 (O
*
) → 2(O2 + O
*
) = 2(O3)   (1-1) 
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Ozone is produced naturally in the environment by the action of the ultraviolet 
(UV) irradiation (185nm) from the sun and when lightning occurs during a thunderstorm. 
The most common artificial ozone producing methods are electrochemical, ultraviolet 
radiation, and corona discharge. There are also several patents on other methods which 
involve splitting of oxygen molecules by high pressure manipulation adsorption, and 
plasma or molecule displacement using sieves (Miller et al., 2002). Artificially produced 
ozone gas cannot be stored since it will degrade back to oxygen at different rates (half-
life) depending on the environmental conditions where it is introduced. Law and Kiss 
(1991) reported that artificially produced ozone has the tendency to decay within 20 to 50 
minutes into two molecules of oxygen. McClurkin (2009) reported that ozone half-life 
time can be up to 24 hours in still air, but much less in flowing air depending on its air 
temperature and relative humidity. Among the several methods to artificially produce 
ozone are: corona discharge, electromechanical, and ultraviolet light. 
1.3.1. Corona Discharge Method 
The corona discharge method is a process where electrical current from an 
electrode of high potential in a neutral fluid is ionized resulting in plasma. An electrode is 
an electricity conductor to a cell without reacting with it that can have cylindrical or 
plate-liked shape. Usually they are made of metal and alloys that have good dielectical 
conducting properties. The ions produced will pass the electrical charge to a lower 
potential electrode. In order to produce ozone with this method, the generating process 
needs a high and low voltage electrode (usually ground electrode) separated by a 
discharge distance between them that contains a glass or ceramic dielectric medium 
(Figure 1-1). Ozone will be generated when air or pure oxygen is passing through the 
discharge gap and electrons from the higher tension electrode are energized (around 6-7 
Ev) and move from the high to the lower tension electrode. The movement of electrons 
through the discharge gap produces an electrostatic field where the electrons collide with 
the air or pure oxygen causing breakage in oxygen molecule bond resulting in free 
oxygen atoms. The free oxygen atoms are naturally seeking stability so they unite 
between them to form triatomic oxygen molecules (Rice et al., 1982; Collins, 1989; 
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Guzel-Seydim et al., 2004).  The electrical energy input to the corona discharge system 
produces heat; therefore a proper cooling method with air or water for heat removal needs 
to be added to the system. 
 
 
Figure 1-1. Diagram of the corona discharge method for producing ozone. 
The physical principle for the conditions necessary for corona discharge is based on 
Peek’s Law (Kuffel and Zaengl, 2000) using the following equation:  
 
ev = mvgvδrln(S/r)     (1-2) 
            
where, 
ev = necessary voltage for corona discharge initiation in wires (kV) 
mv = factor for wire or cable conditions. Range: smooth = 1, damaged wires = 
0.98 to 0.93, and damaged cables = 0.87 to 0.83 
r = wire or cable radius (m) 
s = distance between the wires or cables (m) 
δ = air density factor. = 1 at ambient conditions 
gv = Potential gradient  that is calculated with the following equation: 
 
gv = goδ(1 + 0.301/( δr)
0.5
    (1-3) 
        
where, 
g0 is 30 kV for air  
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According to Viner et al. (1992), several researchers have studied the effects of 
the two types of corona discharge systems namely tufts and glow. The transition from tuft 
corona to glow corona will depend on several factors specific to the wire characteristics 
inside the generator such as its radius and roughness. Also, it will depend on the current 
which will affect the system based on its amount and polarity. Negative corona discharge 
results in more ozone production compared to positive corona discharge. Air before 
entering the system must be dried because the presence of moisture in the discharge gap 
can lead to the formation of nitric acid. Its corrosive characteristics will eventually 
damage the internal parts of the ozone generator. This effect is represented as follows: 
Air (78% nitrogen, N2) + H2O + high energy → HNO3 (nitric acid)  (1-4) 
 
The presence of moisture also decreases ozone production because it competes 
with other molecules present in the discharge gap in terms of the destruction reaction 
(Viner et al., 1992). This effect has been widely modeled and proposed by Viner et al. 
(1992) for ozone generators intended as air cleaners as follows:  
 
r = k1 (a)l - k2bc[R.H.]    (1-5) 
              
where, 
r = net ozone generation rate (pg/s) 
k1 (a) = pseudo constant dependent on electrode radius a and incorporating       
oxygen concentration (g/C) 
I = electrode current (PA) 
k2 = pseudo constant for the water-related destruction reactions (m3 /s) 
b = 1.9592 (pg/m3)/ppb; a volume-to-mass conversion factor for ozone at 
standard conditions 
c = ozone concentration (ppb) 




This model assumes that the ozone generation rate is proportional to the corona 
current as a first approximation. Then, any destruction rate (shown here due to moisture 
in the form of air humidity) is expected to be proportional to the actual ozone 
concentration at any time. Ngo and Sahgal (1987) reported that in ozone generation, an 
increase in air relative humidity from 40 to 90% will decrease ozone producing capacity 
by almost 85%.   
1.3.2. Electrochemical Method 
An electrochemical process involves the chemical reactions that occur in the 
electron exchange between an electron conductor (anode) and an ionic conductor 
(cathode) through a solution that will produce a voltage, i.e., car battery. The 
electrochemical method for producing ozone is based on the same principle as corona 
discharge, but in an electrolytic solution containing water as the medium and with highly 
electronegative anions. In the electrolytic solution, electrical current between an anode 
and cathode splits a diatomic oxygen molecule (O2) into free radical oxygen atoms. 
(Figure 1-2). The common reaction of the electromechanical method to produce ozone 
will depend on the type of electronegative anion solutions (Ibanez et al., 2005). The 
reaction is the following: 
 
#O2 + solution + electrical energy → (solution - #O
*
) + H2O + # O3 (1-6) 
 
There are several modifications of the electrochemical method that have been 
patented. These variations involve using different types of  anodes and cathodes and the 
use of different electronegative anion solutions like hydrogen fluoride, hexafluoroanions 
of phosphorus, arsenic, or silicon, perfluorinated sulphonic, H2SO4, HCLO4, HBF4, or 





Figure 1-2. Schematic diagram of ozone generation by electrochemical method. 
1.3.3. Ultraviolet Light Method 
The ultraviolet method for ozone production is based on the same principle as 
corona discharge and electrochemical methods, but uses ultraviolet radiation to split a 
diatomic oxygen molecule (O2) from air into free radical oxygen atoms that due to their 
instability will combine with other oxygen molecules to produce ozone (Figure 1-3).   
 
 
Figure 1-3. Schematic diagram of ozone generation by ultraviolet radiation. 
The system uses ultraviolet lamps that emit light at 185 nm on the 
electromagnetic scale (Figure 1-4) which are not perceived by the human eye. The 








Figure 1-4. Representation of electromagnetic scale. (Source: 
http://www.ozoneapplications.com/info/) 
There are many patents for ozone production using ultraviolet radiation, which 
vary either using air or pure oxygen as the oxygen source for atom separation and the 
method on how the ultraviolet light is applied either by varying the wavelength of the 
ultraviolet source or its application source in electrical fields, beams, electron guns, etc. 
Some methods involve using liquefied oxygen or other liquids as oxygen sources, but 
commercial prototypes have not yet utilized them. A major disadvantage of this method 
is that it requires the air to be exposed to the ultraviolet light source relatively longer 
which is a challenge with rapidly moving air of water sources. 
1.3.4. Comparison of Ozone Producing Methods 
There are several differences between the three ozone producing methods of corona 
discharge, electrochemical conversion, and ultraviolet radiation. Corona discharge is the 
most common method used to produce ozone when it is used for sterilization in industrial 
applications because it is the most cost effective. Also, it has several advantages when 
compared to the other two ozone producing methods that make the corona discharge 
generators the best choice when comparing ozone producing techniques. For example, 
the corona discharge ozone generators that are commercially available have higher ozone 
producing capacities (up to 2,000 g/h) making them more cost effective and practical to 
use.  The corona discharge generators use pure oxygen or natural air as a source of 
oxygen atoms to produce ozone. This process is more efficient compared to the 
electrochemical generators that produce ozone using electronegative anions solutions that 
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contain different compounds. In corona discharge ozone generators, if the air is properly 
dried, it will not produce any harmful or toxic substances as a byproduct besides the 
generated ozone.  
 On the other hand, the other two ozone producing methods of ultraviolet light and 
electrochemical conversion have some advantages when compared to the corona 
discharge method. For example, the ultraviolet light method does not need to dry air to 
remove moisture when used as an oxygen source making them more useful in higher 
humidity environments. Ultraviolet light and electrochemical methods use less electrical 
energy to produce ozone, but have lower producing capacities compared to the corona 
discharge method. Electrochemical methods use simpler techniques to produce ozone, 
therefore, they required less maintenance and complex equipment to function properly. 
1.4. Mode of Action for Stored Product Pests and Odor Removal of Ozone on Grain 
Ozonation treatment has proven to be a powerful oxidant because its molecules 
will react with chemical compounds such as saturated hydrocarbons, alcohols, aldehydes, 
ethers, amines, phosphines, arsines, and organic sulfides. The two primary reaction 
mechanisms are (1) gain of electrons from ozone to the electrophilic compound, and (2) 
oxidation of compounds by the free oxygen radicals due to the instability of ozone 
(Bailey, 1952). Following is a biochemical description for each intended result of 
ozonation treatment of grain. 
1.4.1. Insect Mortality 
Based on literature review and consultations with entomologists, no research 
study has been found on the internal reactions that cause insect killing by ozone 
exposure. Therefore, the mode of action of ozone on insects is not completely known, but 
it can be assumed that the insect’s respiratory system is affected (Tiwari et al., 2010; 
McDonough et al., 2011). Among the possible theories are: (1) breakage of the carbon to 
carbon bonds inside the insect skeleton, (2) damage of neurotransmitters in the nervous 
system due to the uncoordinated behavior seen in insects when lower ozone 
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concentrations are applied, (3) oxidation of the insect waxy external skin layers and 
subsequent desiccation, and (4) ozone degradation inside the insect body into reactive 
oxygen species that will cause oxidation damage to the internal cells. Laboratory trials of 
exposing insect eggs, pupae and adults to ozone at the same concentration-time product 
(CTP) have shown that the treatment effect of killing is less for insect eggs and pupae 
compared to adults. Therefore, it can be assumed that ozone has to enter the insect 
internal system in order to react and cause death. Insect eggs and pupae have lower 
respiration and metabolic rates and will respire less ozone compared to insect adults 
causing them to require higher CTPs. In the case of insect eggs, ozone also needs to cross 
over the egg’s outer shell in order to get to the insect embryo. No internal mechanical 
repair by insects has been identified yet that could overcome damage due to ozonation 
and then resistance development appears unlikely. 
One of the most probable biochemical reactions causing insect killing by ozone 
exposure is based on the rapid degradation of ozone into reactive oxygen species inside 




OH, and free oxygen radicals that will damage many organic molecules by oxidizing 
them (Allan and Fluhr, 2007).  Halliwell (1992) reported that reactive oxygen species 
attack the central nervous system of humans by oxidizing proteins, unsaturated lipids, 
DNA, carbon compounds, and calcium containing compounds causing tissue damage. It 
is entirely possible that similar oxidation effect occur inside the insect body. 
1.4.2. Molds and Pathogen Sterilization 
The biochemical principle for the initial degradation effect of ozone in mold and 
pathogens begins with an attack to the carbon molecules C9–10 double bond by the net 
addition of two atoms of oxygen (Bailey, 1952). These carbon double bonds are present 
in all organic compounds. Ozone interaction with these microorganisms has been 
determined by two major reactions. In the first one, ozone will oxidized in enzymes the 
amino acids and sulfhydryl groups. Also, it will oxidize proteins and peptides to shorter 
peptides. In the second one, ozone oxidizes polyunsaturated fatty acids to acid peroxides 
by breakage of their double bonds and subsequent derivation of the cellular contents 
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(Victorin, 1992). Several research studies in mold and pathogen sterilization by ozone 
treatment have concluded that in pathogens like E. Coli, bacillus subtillus or salmonella, 
ozone will break DNA cells causing mutation or inhibit replication of their strands by cell 
wall oxidation that typically consist of amino acids, carbohydrates, and lipids (Novozone, 
1992; Victorin, 1992; Guzel-Seydim et al., 2004). 
1.4.3. Mycotoxin Breakdown 
The biochemical principle of mycotoxin breakdown or reduction by ozone 
treatment is the same as the biochemical principle described for mold reduction and 
pathogen sterilization. Laboratory research studies have confirmed the oxidation process 
of organic compounds in aflatoxins, zearolenes and vomitoxins (Dollear et. al., 1968; 
Inan, 2007; Zorlugenç et al., 2008).  
In aflatoxin reduction it has been reported that ozone reacts through electrophilic 
attack across the carbon 8, 9 double bond of the furan ring. This results in the production 
of primary ozonides which then is preceded by rearrangement into monozonide 
derivatives like organic acids, ketones and aldehydes (McKenzie et al.,1997; Prudente Jr 
and King, 2002; Young et al., 2006). 
1.4.4. Off-Odor Elimination 
Off-odors present during grain storage are classified as sour, musty and 
commercially objectionable foreign odor. Sour odor is produced by secretion of defensive 
pheromone mechanism of storage insect pests (Seitz and Ram, 2000).  Musty odor is also 
caused by insect contamination and by the volatile compounds produced by fungal 
growth when feeding on the spoiling grain. Fungi in stored grain will produce CO2 as 
well as volatile alcohols (C-8 alcohols), volatile fatty acids and ketones which eventually 
cause the musty odor (Böorjesson et al., 1989; Pomeranz, 1992; Sauer et al., 1992; 
Magan and Evans, 2000). Therefore, it can be assumed that ozone will oxidize the 
volatile alcohols and volatile fatty acids due to reaction of the free oxygen radicals and 
reactive oxygen species with the carbon double bonds. The addition of an oxygen 
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molecule to volatile compounds will change their chemical characteristic causing 
neutralization of the smell. 
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CHAPTER 2. OBJECTIVES 
The main goal of this dissertation was to determine and develop the design parameters for 
semi-continuous counterflow and continuous flow ozonation treatment systems that can 
be used commercially by farmers, grain processors and seed producers to ozonate grain at 
a faster and more effective rate compared to fixed bed ozonation treatment. Ozonation 
has been proven as a potential non-chemical, non-residual and environmentally friendly 
alternative for treatment of stored food grains and end products with respect to insect 
mortality, mold reduction and off-odor removal. The engineering challenge is the design 
of scale-up treatment systems that are technically feasible and economically viable. 
The specific objectives were: 
1. To undertake scale-up demonstration trials for the fixed bed ozonation treatment 
system and to confirm efficacy to control stored grain insect pests without 
affecting end-use quality. 
2. To conduct pilot-scale experiments with a semi-continuous counterflow ozonation 
system in order to design a more efficient process in a grain bin while achieving 
the same efficacy as previous lab scale and fixed bed ozonation treatments.  
3. To conduct pilot-scale experiments with a continuous flow ozonation treatment 
system in order to design a process that can be incorporated into a bulk materials 
handling system while achieving the same efficacy as previous lab scale and fixed 
bed ozonation treatments. 
4. To develop an economic decision-making computer model to determine the best 
ozonation treatment system based on different parameters for insect mortality, 
mold and aflatoxin reduction, and off-odor removal in grain, and to apply it to real 
case scenarios for full-scale farm and commercial grain handling, storage, and 
processing facilities.  
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Each objective was addressed as chapters which are described as follows: 
 Objective 1 was addressed as Chapter 3 
 Objective 2 was addressed as Chapter 4 
 Objective 3 was addressed as Chapter 5 with the published journal article 
as a separated section 
 Objective 4 was addressed as Chapter 6 which includes the case study 


















CHAPTER 3. EFFICACY OF FIXED BED OZONATION TREATMENT TO 




Scale-up demonstration trials were conducted at the pilot bin facility of the Purdue 
University Post-Harvest Education & Research Center in June 2005, August 2006, July 
2007 and October 2008 with conventional yellow maize and at a popcorn storage facility 
in July 2005 and 2006. The primary objective of these trials was to determine the efficacy 
of ozonation to control insect pests without affecting end-use quality. The setup consisted 
of generating ozone at a constant rate with commercially available generators, 
introduction in the headspace, drawdown to the plenum with a fan with a minimum air 
velocity through the grain of 0.03 m/s, re-circulation back into the headspace or 
exhausting from the plenum into another bin. Ozonation was done to attain an ozone 
concentration of 50 ppm in the plenum to be maintained for a period of 72 hours (3,600 
ppm-h). When this concentration was not achieved, an ozone concentration-time product 
of 3,600 ppm-h was aimed for extending the time to expose the grain mass to the same 
treatment effect to achieve 100% insect mortality. The trials were performed using insect 
bioassays with adults of maize weevil (MW) and red flour beetle (RFB). Insect mortality 
was essentially 100% for both MW and RFB. The concept of two phases of ozonation 
and the airflow rates needed to achieve the required treatment levels of 3,600 ppm-h were 
investigated. The trials at the popcorn facility confirmed that end-use parameters of 
popcorn were not affected. 
                                                 
1 This chapter was written in a manuscript format. It was published in the ASABE journal “Applied Engineering for 




3.2. Introduction  
Insects and molds cause significant damage to grain each year producing 
economic losses that affect farmers, elevator managers and processors throughout the 
world (Leesch, 2002). Stored grain protection relies heavily on the use of chemicals like 
methyl bromide and phosphine to control pests. Due to the increased concern over the use 
of post-harvest chemicals worldwide, the phase out of methyl bromide under the 
Montreal Protocol (UNEP, 1995) and the phosphine resistance of insects, there is much 
interest in the development and use of non-chemical treatments such as temperature 
extremes, modified atmospheres, heat treatment of empty structures, physical exclusion, 
non-chemical protectants, biological controls, and ozonation to control stored product 
pests.  
Ozonation has been tested for its efficacy in insect control in laboratory 
experiments and field trials using fixed bed systems with no grain movement and a steady 
flow of ozone. In laboratory experiments, several concentration-time products (CTP) 
have been investigated for insect mortality. Rozado et al. (2008) observed 95% mortality 
for adult maize weevil (MW) with 1,188 ppm-h and for adult red flour beetle (RFB) with 
3,210 ppm-h. Pereira et al. (2008) observed 95% mortality for adult RFB with 7,590 
ppm-h at 20ºC. Leesch (2002) observed 100% mortality for adult confused flour beetle 
(CFB) with 5,400 ppm-h, but also observed 100% mortality for adult Indian meal moth 
(IMM) with only 300 ppm-h. Similar results of 100% insect mortality with low ozone 
CTP at 292.5 ppm-h were also observed by Erdman (1980) for adult RFB and CFB. Strait 
(1998) achieved 100% mortality for adult MW, RFB and CFB with 3,600 ppm-h. In field 
trials, Kells et al. (2001) used a CTP of at least 3,600 ppm-h and consistently achieved 92 
to 100% mortality for adult MW and adult RFB in their studies. Bonjour et al. (2008) & 
(2011) in field trials observed 100% mortality of adult RFB with a CTP of 4,800 ppm-h 
and of adult rice weevil (RW) with 2,400 ppm-h.  Based on the limited literature 
available, it appears that the CTP for effective insect control varies by species and life 
stages, and requires further investigation. However, based on these laboratory 
experiments and field trials, it can be assumed that aiming for a CTP of at least 3,600 
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ppm-h should result in 90 - 100% mortality of adult stored product insects. This became 
the treatment target for the trials undertaken in this study. 
In laboratory trials, McDonough et al. (2011b) using treatment chambers without 
grain determined that a CTP of at least 5,400 ppm-h was needed to achieve 100% 
mortality of pupae and eggs of RFB and eggs of IMM. For the adults’ stages it required a 
CTP of 3,600 ppm-h for MW and 1,800 ppm-h for RW. Hansen et al. (2012) achieved 
100% mortality for adult saw-toothed grain beetle (SGB), Lesser Grain Borer (LGB), 
RFB, CFB, and IMM using a CTP of 5,040 ppm-h and 85% mortality for adult bread 
beetle (BB) in research trials using treatment chambers without grain. Also, there results 
indicated that a CTP of 25,920 ppm-h will be necessary to control all internal stages of 
granary weevil (GW), RW, and MW.   Holmstrup et al. (2011) showed that in laboratory 
trials treating adult and large larvae RFB resulted in 100% mortality after treatment for 
24 h at 40 ppm. This is equivalent to a CTP of 960 ppm-h and four to five times lower 
compared to the CTPs found in earlier research trials which also achieved 100% 
mortality for RFB. No differences in the treatment process developed by Holmstrup et al. 
(2011) were found compared to the other treatment processes except that the insects were 
treated in shallow plastic containers without grain. McDonough et al. (2011a) found that 
there was no difference in insect mortality when treating MW and RFB using very high 
CTP values of 258,120 ppm-h during short time period using humidified versus dried 
ozone in a modified screw conveyor handling maize at low rotational speeds. 
Additionally, ozonation has several advantages compared to available fumigants 
that make its usage attractive as an alternative for pest control by the food grain industry. 
The main advantages are the following: (1) Ozone is a powerful oxidant (fifth in 
thermodynamic oxidation potential). Therefore, it will react with a sterilization effect 
against many organic materials that are on the surface of grain kernels (Graham, 1997; 
Khadre et al., 2001). (2) Ozone application has been approved as Generally Recognized 
as Safe for sanitation and sterilization purposes (FDA, 2001) and it has been regulated as 
a non-chemical and environmentally friendly alternative (EPA, 1999) in the food 
processing industry. (3) Ozone decomposes rapidly into oxygen due to its instability 
characteristics, therefore leaving no residue (Khadre et al., 2001; Mendez et al., 2003). Its 
25 
 
half-life time can be up to 24 hours in still air, but much less in flowing air depending on 
its air temperature and relative humidity (McClurkin, 2009). (4) Ozone can be generated 
on-site so no storage, transportation or disposal of spent ozone is needed (Strait, 1998). 
(5) Ozone treatment for stored product pests external to grain kernels showed the same 
mortality results as compared to phosphine fumigation (Kells, 2001; Strait, 1998). (6) 
Phosphine-resistant stored product insects were susceptible to ozone treatment without 
development of cross-resistance (Sousa et al., 2008). 
The basic setup for a fixed bed ozonation system consists of generating ozone at a 
constant rate with commercially available generators, introduction into the headspace and 
drawdown through the grain mass to the plenum, or introduction into the plenum and 
movement through the grain mass to the headspace depending on the characteristics of 
the storage bin and the airflow direction of the fan (suction or push). Each fixed bed 
system contains a re-circulation loop of ozone back into the headspace or an exhausting 
system of ozone from the plenum into another bin. Field experimental trials have used a 
recirculation system (Kells et al., 2001) or a similar setup based on the closed loop 
fumigation (CLF) system design developed by Noyes et al. (2002). The exhausting 
system into another bin is used when the recycling system is difficult to implement due to 
the physical constraints of a larger size bin. Residual ozone not yet reacted with the grain 
mass after reaching the plenum is exhausted through a flexible duct into a nearby bin. 
This assures that ozone is not exhausted into the environment around the treated bins. 
Fixed bed systems have several characteristics based on the behavior of ozone 
when it is applied to grain. The initial ozonation treatment of a grain mass takes more 
time to complete than subsequent treatments of the same grain mass (as long as it is not 
moved and recontaminated with dust, etc.) because ozone reacts with the cell structures 
of mold spores, insects, bacteria and other biological matter adhering to grain kernel 
surfaces and contained within the grain mass. Completion of the sterilizing ozonation 
effect depends on the quantity of biological matter to be reacted with, the quantity of 
ozone available to react, and the supply of ozone to complete the reaction process 
throughout the grain mass within a timely manner. This stage is called Phase 1.  After this 
initial reaction process, ozone will move faster and more freely through the grain mass 
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and steadily increase in concentration. The initial sterilization phase lasts until the target 
treatment is reached in the exit layer of the grain mass (Campabadal et al., 2007). Other 
researchers have used a similar concept but called it passivation time, which is the time 
required by ozone to reach a steady state level during treatment in a fixed bed system 
(Hardin et al., 2010).  Once the ozone reaches the desirable concentration, ozonated air 
must continue to be moved through the grain mass and kept constant for the needed 
number of days to reach the CTP to complete the ozonation treatment (Kells et al., 2001). 
This stage is called Phase 2. It has been reported that a minimum air velocity of 0.03 m/s 
must move through the grain mass to achieve an optimal ozone concentration and 
treatment effect (Kells et al., 2001; Mendez et al., 2003) during Phase 1 and a minimum 
air velocity of 0.02 m/s during Phase 2 (Kells et al., 2001).  The primary objective of this 
research was to undertake scale-up demonstration trials for the fixed bed ozonation 
treatment system and to confirm efficacy to control insect pests in stored bulk grain 
without affecting end-use quality. 
3.3. Materials and Methods 
3.3.1. Fixed Bed Ozonation with Recirculation System 
 
One set of trials was conducted at the pilot bin facility of the Purdue University 
Post-Harvest Education & Research Center (PHERC) in June 2005, August 2006, July 
2007, and October 2008 using four bins each containing 9.6 tonnes of conventional 
yellow maize. Each of the four grain bins had a diameter of 2.75 m and 2.9 m eave height 
with a grain depth of 2.2 m. The bins were not airtight in order to represent typical grain 
storage conditions and were treated at the same time.  During the first ozonation trial in 
June 2005, Bins A and B had 0.037 kW (1/20 hp) axial fans and Bin C a 0.25 kW (1/3 
hp) axial fan generating air velocities of less than 0.01 m/s and  0.06 m/s, respectively.  
For the second ozonation trial in June 2005 and the trials in August 2006, July 2007 and 
July 2008, all three bins had 0.25 kW (1/3 hp) axial fans generating air velocities of 0.06 
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m/s. Those trials were part of a larger study comparing four pest management strategies 
during multi-year storage of maize (i.e., automated aeration with ambient air, intermittent 
grain chilling, automated aeration with intermittent ozonation, and no aeration). The 
average moisture content of the maize in the three bins was 12% w.b. in the first 
treatment year (2005) and 9.5% in the last treatment year (2008). In all trials, the goal 
was to attain an ozone concentration of 50 ppm in the plenum and to maintain that for a 
period of 3 days using a recirculation system (Figure 3-1) to recover the ozone exiting at 
the bottom of each bin (plenum) and injecting it back into the top of each bin 
(headspace). This recirculation system was based on the closed-loop fumigation system 
developed by Noyes et al. (2002) designed to distribute fumigant evenly through a grain 
mass inside a bin. This setup eliminated ozone leakage to the environment through the 
grain bin eave opening, optimized the performance of the ozone generator, and reduced 
any potential condensation to form on the underside of the bin roof.  
 
 





3.3.2. Fixed Bed Ozonation with Non-Recirculation System 
A set of trials was conducted at a popcorn storage and processing facility in July 
2005 and 2006 using two bins containing each 456 tonnes of popcorn. Each of the two 
grain bins had a diameter of 10.98 m and 7.3 m eave height with a grain depth of 6.71 m. 
The bins were not airtight representing typical grain storage conditions. Both trials were 
performed using an exhaust system (Figure 3-2) to direct the residual ozone exiting from 
the plenum into a second nearby bin. This set up was used when the target ozone 
concentration of 50 ppm in the plenum could not be reached due to the lack of sufficient 
ozone producing capacity of the generator for a relatively larger size bin. Therefore, a 
CTP of 3,600 ppm-h at the plenum was used to adjust the ozonation process over a longer 
period of time using a lower ozone concentration to achieve 100% insect mortality 
(Strait, 1998). This was also used due to the physical and economic limitations of 
installing an adequate recirculation system in grain bins with capacities larger than 250 
tonnes.  Similar to the recirculation system set up, it primarily served to eliminate ozone 
leakage into the environment and optimized the performance of the ozone generator, and 
















Popcorn quality after ozonation treatment was quantified by staff of the popcorn 
processing company and included Metric Weight Volume Test, moisture content using 
the air-oven method for maize (ASABE Standards, 2008), and kernel count. The Metric 
Weight Volume Test is the standard unit of measurement used in the industry to quantify 
the potential expansion of a batch of popcorn measured in popcorn yield by volume 
related to kernel mass in ml/g with an optimal range between 40 to 50 ml/g. In order to 
have optimal popping, the moisture content should range from 13.5% to 14.5% (Ziegler, 
2002). The kernel count is a quality parameter used to measure consistency in popcorn 
kernels. It is the number of kernels per 10 g of popcorn where the higher number of 
kernels, the smaller the kernel size will be. The popcorn processing facility uses a target 
value of 60 kernels as their standard quality. 
3.3.3. Insect Mortality Quantification  
All trials conducted with conventional yellow maize at the PHERC pilot bin 
facility and at the popcorn storage and processing facility used insect bioassays to 
quantify insect mortality at the end of each ozone treatment. The numbers of live and 
dead insects were counted 24 hours after the bioassays were pulled out from the treatment 
and control bins. In the trials, placement inside each treatment and control bin consisted 
of a pair of insect bioassays placed 0.6 m below the grain surface in each of the four 
cardinal points and at the center of each grain bin. Also, three pairs of insect bioassays 
were located in the plenum of each treatment and control bin. In each pair, one insect 
bioassay contained 25 MW adults and the other one 25 RFB adults with each one 
containing 250 g of untreated maize for insect feeding. Each insect bioassay was prepared 
using an insect cage made out a PVC pipe with a diameter of 0.076 m and a length of 
0.15 m. For each cage, nylon mesh with 94 µm thread diameter was used to seal the ends 
and allow insect respiration. Insect mortality was averaged across bioassay locations.  
The insect bioassays placed in control bins were not exposed to any pest control 
treatment. 
In the 2006 trial at the popcorn storage facility after ozonation treatment and 
insect mortality quantification, the insects and yellow maize from the insect bioassays 
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were placed in mason glass jars with mesh (94 µm thread diameter) type lids for insect 
respiration. They were held in a growth chamber at 28ºC and 65% relative humidity until 
the first emergence progeny count at 28 days. 
3.3.4. Ozone Production and Monitoring System 
For the conventional yellow maize trials, ozone was produced by a four chamber 
generator model 97D4 made by O3Co (Aberdeen, ID) that has a capacity of 250 g/h of 
ozone. For the popcorn trials, ozone was produced by the four quads (16 chamber) 
generator model OzoBlast made by O3Co (Aberdeen, ID) that has a capacity of 1,000 g/h 
of ozone. Both generators were equipped to produce constant ozone flow without 
affecting its quality and levels using a pressurized system that heated and filtered the 
entering ambient air into the generation system in order to supply a dried and constant air 
temperature to produce the ozone. In all recirculation and non-recirculation system trials, 
ozone was delivered by introducing it into the top of each bin through a roof vent using 
0.025 m diameter Teflon hoses. It was drawn down from the top of the grain mass with a 
fan installed at the bottom of the bin to achieve fast and uniform movement of ozone 
towards the bottom of the grain mass.  
Ozone concentration was monitored using an ozone analyzer model IN-2000 
made by INUSA (Boston, MA) that has a monitoring range from 0 to 2,000 ppm of ozone 
concentration and an instrument precision of 1% equal to a minimum ozone 
concentration reading of 20 ppm. The conversion of ozone measured by volume in air is 
1 ppm of ozone = 2.14 mgO3/m3.  Data from the ozone analyzer was recorded using a 
data acquisition unit (Hydra logger 2620A, Fluke Everett, WA). For each trial, three 




3.4. Results and Discussion2 
3.4.1. Ozonation Trials with Conventional Yellow Maize at PHERC 
Fixed bed ozonation trials were performed at PHERC on the same grain bins with 
conventional yellow maize maintained from 2005 to 2008 using a minimum air velocity 
of 0.03 m/s based on Mendez et al. (2003). This velocity assures proper ozone movement 
through a grain mass. 
3.4.1.1. First Ozonation Trial at PHERC in 2005 
In the first set of experiments, the target ozone concentration of 50 ppm in the 
plenum was not reached in bins A (Figure 3-3), B (Figure A.3-1), and C (Figure A.1-4.2) 
when ozonated for as long as 11 days.  In Bin A, the maximum ozone concentration 
reached in the plenum was 40 ppm, in Bin B 45 ppm, and in Bin C 54 ppm. 
 
                                                 
2 The fixed bed ozonation trials on organic maize developed in September 2005 were not added to this manuscript, 



































Figure 3-3. Ozone concentration profile in the headspace and plenum of PHERC Bin A 
for the first phase ozonation in July 2005 and second phase re-ozonation in September 
2005 of yellow maize. For first phase ozonation the target concentration of 50 ppm in the 
plenum was not reached, and for second phase the re-ozonation target concentration of 50 
ppm was reached at the plenum after 48 hours. 
The original treatment goal was to reach 50 ppm in the plenum and then hold that 
concentration for 72 hours in order to achieve 100% insect mortality based on a CTP of 
3,600 ppm-h as the needed treatment effect. The effect of time on efficacy for a 
cumulative CTP of 3,600 ppm-h in the plenum was not considered. Therefore, the initial 
treatment times were rather lengthy because it was thought that 50 ppm had to be reached 
in the plenum first before the actual treatment effect on insect mortality could be 
considered. However, when insect mortality was quantified, it was determined that nearly 
100% mortality was achieved in the insect bioassays located 0.6 m below grain surface in 
Bins A and C for MW and RFB adults even though 50 ppm had not been reached after 72 
hours in either plenum. Subsequently, the ozone concentration data in the plenums of 
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bins A, B, and C were analyzed for their respective cumulative CTPs. Bins A (Figure 3-
4) and C  (Figure A.3-3) had CTPs of 4,250 ppm-h and 2,900 ppm-h, respectively, while 
Bin B (Figure A.3-4) had a CTP of 2,110 ppm-h only. Although only Bin A had a CTP 
greater than 3,600 ppm-h, a CTP of 2,900 ppm-h in Bin C was apparently sufficient to 
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Figure 3-4. Ozone concentration-time product (CTP) at plenum of PHERC Bin A for the 
first phase ozonation in July 2005 and for the second phase ozonation of yellow maize in 
September 2005.  For first phase ozonation the target CTP of 3,600 ppm-h was reached 
after 206 hours, and for second phase re-ozonation the target CTP of 3,600 ppm-h was 
reached after 66 hours. 
The insect bioassay results (Table 3-1) for the first ozonation showed that 100% 
mortality was achieved for both MW and RFB located 0.6 m below the grain surface. 
Insect mortality in the plenum during initial ozonation for MW was 91%, 36% and 100%, 
respectively for bins A, B and C; and for RFB the results were 100%, 37% and 93% for 
bins A, B and C, respectively. The unusually low mortality in the plenum of Bin B was 
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caused by the bioassays being exposed to water that accumulated in the plenum due to a 
rainstorm. The bioassays caked over and prevented the ozone from penetrating. Thus, the 
data collected was excluded from the average calculation which was 95.5% for MW and 
96.5% for RFB. The control bioassays in Bin D showed on average 3% and 4% mortality 
for MW and RFB, respectively, and for both insect species a standard deviation of 3%. 
No substantial difference in insect mortality between MW and RFB adults exposed to the 
same CTPs was determined in this first set of experiments. The high insect mortality 
results proved that ozonation could be successfully scaled up from the lab scale (Kells et 
al., 2001; Mendez et al., 2003) to the pilot scale and utilized as an effective tool for pest 

















Table 3-1. Insect mortality (%) in bioassays of maize weevil (MW) and red flour beetle 
(RFB) placed 0.6 m below the grain surface and in the plenum, and ozone concentration-
time product (CTP) during the first ozonation and second ozonation of bins A, B, and C 
and in control bin D in July 2005 and in September 2005, respectively, the ozonation of 
bins A, B, and C and in control bin D in August 2006,  and June 2007, and ozonation of 
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   2006 
   2007 
   2008 
3 ± 3 
4 ± 7 
5 ± 3 
7 ± 1 
5 ± 1 
3 ± 3 
4 ± 7 
5 ± 3 
7 ± 1 
5 ± 1 
4 ± 3 
3 ± 3 
7 ± 2 
5 ± 1 
6 ± 1 
4 ± 3 
3 ± 3 
7 ± 2 
5 ± 1 







First ozonation trial in 2005. 
[b] 
Second ozonation trial in 2005. 
[c]
 No ozonation trials were performed in 2008 for bins A and C due to no availability of 
maize for treatment.  
[d]
 The bioassays in Bin B were exposed to water that accumulated in the plenum due to a 
rainstorm. The bioassays caked over and prevented ozone to penetrate. Therefore, these 
results were excluded from the calculation of the treatment average. 
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3.4.1.2. Second Ozonation Trial at PHERC in 2005 
In the second ozonation (re-ozonation) trial, the 50 ppm target concentration in 
the plenum was reached after 48, 32 and 36 hours in bins A (Figure 3-3), B (Figure A.3-
1), and C (Figure A.1-2), respectively, when held for 3 days (Phase 2). During the first 
ozonation, ozone reacted with the biological matter contained in the grain mass and 
slowly moved down to the plenum. In the second trial ozone moved through the grain 
mass at a faster rate than in the first ozonation because ozone had already reacted with 
biological matter adhering to the grain. In the first ozonation treatment, ozone reached 
Phase 1 after 120 hours of treatment for Bins A and B due to the lack of minimal airflow 
provided by the fan that resulted in air velocities of less than 0.01 m/s, and after 28 hours 
for Bin C with air velocity of 0.06 m/s. In the second ozonation treatment, all three 
treated bins used a 0.25 kW (1/3 hp) fan that produced air velocities of 0.06 m/s for 
drawdown of the ozone front through the grain mass. Ozone reached the plenum in less 
than an hour in each of the three treated bins which was substantially faster than in the 
first ozonation. 
The second ozonation of Bin A showed that the CTP of 3,600 ppm-h (Figure 3-4) 
was reached in 66 hours (less than three days) of treatment, which was 140 hours faster 
than in the first ozonation treatment.  For Bins B (Figure A.1-3) and C (Figure A.1-4) of 
3,600 ppm-h CTP was reached in 77 and 50 hours, respectively. Given that only in Bin C 
the original target concentration of 50 ppm was reached during Phase 1, it was interesting 
to note that it took only six hours to re-establish this concentration in the second 
ozonation. Apparently, four weeks between the first and second ozonation trials were not 
enough to allow the treated grain to be re-contaminated with significant amounts of 
external air carrying dust into the grain bin. Therefore, due to the sterilization effect in 
the grain mass produced in the first trial, it allowed ozone in the second trial to move 
quicker through the grain mass and reach the plenum in hours rather than days. Similar 
results were previously observed by Kells et al. (2001) and Hardin et al. (2010), where 
Phase 2 was reached faster after interruption between treatments. 
The insect bioassay results (Table 3-1) for the second ozonation showed that 
100% mortality was achieved for both MW and RFB located 0.6 m below the grain 
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surface and in the plenum. The control samples in Bin D showed on average a mortality 
of 4% for MW with a standard deviation of 7% and an average mortality of 2% for RFB 
with a standard deviation of 3%. The CTPs for bins A, B and C (Table 3-1) resulted in 
values higher than 3,600 ppm-h, especially for Bin C where ozonation continued for three 
days after reaching the target concentration of 50 ppm. This explained essentially 100% 
insect mortality in the bioassays for both treated species.  At the same time, it also 
pointed to the validity of a minimum CTP of 3,600 ppm-h for ozonation treatment. 
3.4.1.3. Ozonation Trials with Conventional Yellow Maize at PHERC in 2006 
The 2006 trials were performed in the same grain bins with the same maize used 
in the 2005 trials. The target ozone concentration of 50 ppm in the plenum for all three 
bins (Figure 3-5) was reached after three days of ozonation (Phase 1) and was 
subsequently held for three days (Phase 2). Despite the fact that the same maize was 
ozonated twice in 2005, the Phase 2 behavior was not immediately evident after 
ozonation started as had been expected. During the second ozonation trial in 2005, Phase 
2 behavior was evident in Bin C after 36 hours at an air velocity of 0.06 m/s. While grain 
was not moved in or out of the bin, the grain was aerated between the second ozonation 
in September 2005 and the third ozonation in August 2006. Apparently, sufficient new 
organic material (mold spores, insects, dust, etc) had accumulated in the bins in between 
to somewhat delay previously established Phase 2 conditions of the stored grain. After 
the first three days, treatment was stopped for 30 hours due to unexpected maintenance of 
the ozone generator. When ozonation was restarted, the 50 ppm ozone concentration was 
reached in the plenum in less than an hour for bins A and B, but for unknown reasons 
took 25 hours in Bin C. Once ozonation was restarted, Phase 2 was maintained for three 
days in Bin C and four days in bins A and B. At the time our research focus was not yet 



































Figure 3-5. Ozone concentration profile in the plenum of PHERC bins A, B and C for 
ozonation of yellow maize in August 2006. Target ozone concentration of 50 ppm was 
first reached after 45, 44, and 53 hours in the plenum of bins A, B, and C, respectively. 
The ozone concentration in the headspace for all three bins increased until the 
third day of treatment. Subsequently, the ozone concentration essentially remained 
constant at 160, 80, and 50 ppm in Bin A, C, and B, respectively. The reason for the 
difference in the headspace concentrations of the three bins is not apparent. The most 
obvious cause may have been an uneven distribution of ozone from the generator through 
the tubes and valves that should have been better regulated during the experiment.  
The insect bioassays located in the plenum and 0.6 m below the grain surface for 
the 2006 trial for all three grain bins (Table 3-1) showed that 100% mortality was 
achieved for MW in both locations and all three bins. Mortality for RFB averaged 99% at 
0.6 m below the grain surface and 100% in the plenum. The control insect bioassays 
located in Bin D resulted in insect mortalities for MW of 5, 3 and 8%, and for RFB of 7, 
9 and 5% for bins A, B and C, respectively. These low insect mortalities in the control 
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bins for MW and RFB showed that mortality in the bioassays of the ozone treated bins 
were not caused by warm weather conditions during the summer. Due to the efficacy of 
the ozone treatment, it was not necessary to conduct a re-ozonation of the bins in 2006. 
The previously suggested CTP by Strait (1998) of 3,600 ppm-h was achieved and 
substantially exceeded by two to three times in the treated bins during the trial. 
Subsequent insect trap counts did not indicate substantial reinfestation. 
3.4.1.4. Ozonation Trials with Conventional Yellow Maize at PHERC in 2007 
The 2007 trials were performed in the same grain bins with the same maize from 
the two previous year ozonation trials. The target ozone concentration of 50 ppm in the 
plenum was reached in less than two days (39 hours) for bin A and C and was 
subsequently held for five days (Figure 3-6). For Bin B it took almost three days (63 
hours) to reach 50 ppm and treatment was continued for four more days. The treatment in 
all three bins was interrupted due to a power outage on June 18 for 12 hours. Therefore, 
Bin B was treated an extra day to offset the 12 hour power shutdown. Bins A and C were 
held for two extra days at 50 ppm (Phase 2) to assure the same end date as for Bin B. As 
in 2005 and 2006, the ozonated grain bins were aerated between summer 2006 and 2007, 
which resulted in 39 h (Bins A and C) and 63 h (Bin B) of Phase 1 passivation. For bins 







































Figure 3-6. Ozone concentration profile in the plenum of PHERC bins A, B and C for 
ozonation of yellow maize in June 2007. 
Ozone concentration in the headspace for all three bins exceeded over 50 ppm 
within 24 h of treatment start. Bins A and C had a similar pattern of ozone concentration 
averaging a difference of 50 ppm. This was slightly less than in 2006 but again should 
have been better regulated during the experiment.  
Insect mortality for all bins was 100% for both MW and RFB (Table 3-1). The 
insect bioassays in the control bin had an insect mortality average of 6% for both insect 
species. This verifies that no ambient conditions or other pest control treatments affected 
insect mortality by ozone treatment. The CTPs reached for all treated bins were almost 
four times the minimum CTP value of 3,600 ppm-h. These high CTPs were caused by 
greater ozonation than would be required and point to the need for optimization around 
the minimum CTP. The sterilizing ozone effect produced by the previous treatments in 
2005 and 2006 was reflected in the rapid achievement of Phase 2 in bins A and C. 
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3.4.1.5. Ozonation Trials with Yellow Conventional Maize at PHERC in 2008 
The 2008 trials were performed only in bin B with the same maize from the three 
previous year’s ozonation trials. The target ozone concentration of 50 ppm (Figure 3-7) 
was reached in the plenum after two days (48 hours) and was held subsequently for three 
days. Phase 2 was reached within a similar time as in the 2006 and 2007 trials. The ozone 
concentration in the headspace (Figure 3-7) showed an increase over 50 ppm in the first 
day of treatment. It then reached the highest concentration of 232 ppm and was 
maintained over 200 ppm for the duration of the trial. These results differed from the 
pattern observed in Bin B for the trials in 2006, when the concentration never reached a 
value above 50 ppm, and for the trials in 2007, when it reached a high value near 60 ppm 
and then decreased below 40 ppm for the remainder of the trial.  Given that only Bin B 
was ozonated in 2008, none of the ozone from the generator was diverted into other bins. 
After reaching Phase 2, ozone concentrations in the headspace and plenum were 


































Figure 3-7. Ozone concentration profile in the plenum of PHERC bin B for ozonation of 
yellow maize in October 2008. 
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Insect mortality for Bin B was 100% for both MW and RFB (Table 3-1). The 
insect bioassays in the control bins had an insect mortality of 5% and 6% for MW and 
RFB, respectively. The CTP reached was 8,500 ppm-h which was a similar value as in 
2006 and about half the value from the 2007 trial.   
Ozone proved to be an effective pest control technology to control stored grain 
adult insects (MW and RFB) of conventional yellow maize. No tests were performed on 
the yellow maize to verify whether ozone affected its end-use quality. However, previous 
research studies have shown that ozone treatment does not have a negative effect on end-
use quality of conventional yellow maize in terms of its milling characteristics and 
intrinsic properties (Mendez et al., 2002), and no detrimental effect on seed germination 
(Strait, 1998). 
3.4.1.6. Summary of Results for Ozonation with Yellow Conventional Maize 
at PHERC 
During the trials from 2005 to 2008, it was corroborated that as long as CTP is at 
least 3,600 ppm-h insect mortality for adult RFB and MW will be 100%. The average 
ambient temperature (average between maximum and minimum values) during each trial 
from 2005 to 2008 was 22.4°C with a standard deviation of 0.6°C. The average relative 
humidity was 73.8% with a standard deviation of 5.8%.  During each trial the consistency 
of the ambient temperature between day and night and the minimal variation of the 
relative humidity resulted in no effect on the insect mortality. During the treatment trials 
once the minimum air velocity of 0.03 m/s (Mendez et al., 2003) was corrected by sizing 
up the fans in the treatment bins A and B starting with the second ozonation in 2005, no 
difference in insect mortality was observed for the rest of the treatment trials. The results 
of insect mortality were comparable to those in laboratory experiment by Strait (1998) for 
both insect species, by Leesch (1998) and Pereira et al. (2008) for RFB, and field 
experimental trials by Kells et al. (2001) for both insect species and Bonjour et al. (2008) 
for RFB. At the same time, these results differed from the laboratory experiments by 
Erdman (1980) for RFB and Rozado et al. (2008) for both insect species where 100% 
insect mortality was reached with CTP well below 3,600 ppm-h. However, those 
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experiments did not use grain in their bioassays which allowed the ozone to react with the 
insects at constant concentration and without the presence of other organic material that 
can interact with ozone reducing its efficacy.  
The recirculation system used in all trials allowed for the re-usage of residual 
ozone after it had passed through the grain mass during Phase 2. This avoided exhausting 
any excess ozone into the environment and optimized its utilization. It was a similar setup 
as was used by Kells et al. (2001) and Hardin et al. (2010), but the effect and savings 
were not quantified. 
3.4.2. Ozonation Trials with Popcorn in 2005 and 2006 
The trials at the popcorn storage and processing facility were conducted during 
two consecutive storage seasons in July 2005 and 2006. In the 2005 trial, the results for 
the stored product insect bioassays located 0.6 m below the grain surface showed 100% 
kill for MW and RFB, while the control insect bioassays showed  almost 100% insect 
survival. The trial had to be stopped after nearly 12 days of treatment before a 50 ppm 
concentration could be achieved in the plenum due to the lack of airflow from the fan and 
ozone producing capacity of the generator. Only trace amounts of ozone around 1 ppm 
were detected in the plenum. Thus, the insect bioassays located in the plenum showed no 
mortality. Unfortunately, the fan that drew the ozonated air down through the popcorn 
bulk and recirculated it back into the headspace was undersized 0.75 kW (1 hp) and did 
not achieve the minimum air velocity of 0.03 m/s. By the time a system redesign could be 
completed, the weather conditions had become much warmer and the facility manager 
stopped the ozonation treatment for fear of warming up the popcorn above safe storage 
conditions (i.e., grain temperature higher than 18°C).  
Necessary design modifications were made in 2006 to achieve successful 
ozonation treatment of popcorn at this facility by using a higher capacity 7.5 kW (10 hp) 
centrifugal fan which achieved an air velocity of 0.022 m/s which was about 10% higher 
than the minimum air velocity of 0.02 m/s needed for proper ozonation during Phase 2 
(Kells et al., 2001). Due to physical constraints of a taller bin, an exhaust system blowing 
excess ozone into the plenum of a nearby bin (see Figure 3-2) was installed instead of a 
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recirculation system. Both bins were connected by a 0.61 m (24 
3
/8 in) diameter flexible 
duct from a non-operating axial fan on the treatment bin to a centrifugal fan on the 
neighboring bin that was operated to draw air through the popcorn mass and exhaust 
ozone into the bottom of the second bin. Therefore, in this trial, three bins were used 
(ozonated bin, exhaust bin and control bin). Based on lessons learned during the 2005 
trial, the eave opening of the ozonated bin was sealed using fumigation tape to eliminate 
ozone leakage to the environment and achieve more uniform airflow distribution across 
the grain surface. 
In the trial, the target ozone concentration of 50 ppm in the plenum was not 
reached due to the lack of sufficient ozone producing capacity of the generator for a 
relatively larger size bin. Therefore, a CTP of 3,600 ppm-h in the plenum was used to 
adjust the ozonation process over a longer period of time using a steady-state exhaust 
ozone concentration of 25 ppm (Figure 3-8). When the CTP reached 3,600 ppm-h after 6 
days, ozonation was stopped. Given that 25 ppm in the plenum exhaust became the de 
facto steady-state ozone concentration after 3 days, that period was considered as Phase 1 
and was not accounted for in the CTP calculation. Therefore, only the 6 days of Phase 2 










































Figure 3-8. Ozone concentration-time product (CTP) at plenum of popcorn facility’s bin 
for the ozonation of popcorn in July 2006. 
The results for insect mortality for RFB and MW placed 0.6 m below the grain 
surface and in the plenum were 100%. These were the same results as in previous 
ozonation trials with conventional yellow maize at 50 ppm for three days. Therefore, the 
results showed that a CTP of 3,600 ppm-h can be used to achieve 100% insect control 
(Table 3-2) in grain storage structures when the 50 ppm target concentration cannot be 
reached due to a lack of ozone producing capacity. Similar results were obtained by Kells 
et al. (2001) with 91% and 94% insect mortality for RFB and MW, respectively, by 
ozonating at 25 ppm for 5 days (120 hours) using a CTP of 3,000 ppm-h. The mortality in 
the control bin had an average of 4% for RFB and 3% for MW. Insect bioassays were 
also placed at optimal conditions in an incubator with a temperature of 28°C and a 
relative humidity of 65%. Insect mortality was 4% for RFB and 4% for MW. Therefore, 
based on the mortality results of the control bin and incubator with optimal conditions, no 
other effects such as weather conditions, cannibalism among insects, or other pest control 
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treatments affected the ozone treatment in the popcorn bin. Ozone CTP of 3,600 ppm-h 
will allow for the use of current ozone generators in larger bins. However, extending the 
ozone exposure time of the grain to achieve a needed CTP will cause higher energy 
consumption of the generator, and a greater potential for shrink loss below desirable 
levels or for moisture addition that could cause grain spoilage. 
The results for insect mortality for RFB and MW placed 0.6 m below the grain 
surface and in the plenum were 100%. These were the same as on previous ozonation 
trials with conventional yellow maize at 50 ppm for three days. Therefore, the results 
showed that a CTP of 3600 ppm-h can be used to achieve 100% insect control (Table 3-
2) in grain storage structures when the 50 ppm target concentration cannot be reached due 
to a lack of ozone producing capacity. Similar results were obtained by Kells et al. (2001) 
with 91% and 94% insect mortality for RFB and MW, respectively, by ozonating at 25 
ppm for 5 days (120 hours) using a CTP of 3000 ppm-h. The mortality in the control bin 
had an average of 4% for RFB and 3% for MW. Insect bioassays were also placed at 
optimal conditions in an incubator with a temperature of 28°C and a relative humidity of 
65%. Insect mortality was 4% for RFB and 4% for MW. Therefore, based on the 
mortality results of the control bin and incubator with optimal conditions, no other effects 
such as weather conditions, cannibalism among insects, or other pest control treatments 
affected the ozone treatment in the popcorn bin. Ozone CTP of 3600 ppm-h will allow for 
the use of current ozone generators in larger bins. However, extending the ozone 
exposure time of the grain to achieve a needed CTP will cause higher energy 
consumption of the generator and a greater potential for shrink loss below desirable 






Table 3-2. Insect mortality (%) in bioassays of maize weevil (MW) and red flour beetle 
(RFB) placed in the plenum, and ozone concentration-time product (CTP) during 





CTP reached in 
plenum  
(ppm-h) 
 MW RFB  
 0.6 m below 
grain surface 
Plenum 0.6 m below 
grain surface 
Plenum  
A 100 100 100 100 3,600 
Control 4 ± 1 4 ± 1 3 ± 1 3 ± 1 0 
Optimal 1 ± 1 1 ± 1   1 ± 1 1 ± 1 0 
[a]
Optimal conditions were developed inside an incubator at 28°C and 65% relative 
humidity. 
 
The results for the first emergence progeny count for RFB showed 100% 
suppression after 28 day counts. Similar results for RFB were observed by Bonjour et al. 
(2008) after treatment of wheat with 4,800 ppm-h. For MW, the trial results showed that 
the first emergence progeny count after 28 days was four insects. No explanation was 
given, but most likely adult MW laid eggs inside the kernels before the ozone 
concentration reached lethal doses. Therefore, it can be assumed that the eggs survived 
because ozone does not penetrate the kernel’s pericarp. 
Popcorn quality was measured by popcorn facility personnel (Table 3-3). The 
quality parameter of Metric Weight Volume Tester (MWVT) measured before and after 
ozonation treatment showed no difference between them. At the same time, moisture 
content did not vary as a result of treatment. The quality parameters of kernel count (KC) 
measured after ozonation did not show any difference when compared to the quality 
standards required by the processing company. Mendez et al. (2003) after a laboratory 
ozonation with a CTP of 3,600 ppm-h reported a discoloration in the kernels probably 
caused by nitric acid formed during ozonation. This was not observed during the field 
trials. Also, Mendez et al. (2003) reported a slight reduction in popping volume, most 
likely due to the reduction of moisture content during treatment, which was not the case 
during the 2006 field trial.  
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A 14.1 14.1 43 50 No Value 50 
B 14.3 14.2 43 49 No Value 57 
C 13.5 13.6 43 49 No Value 56 
[a] 
Samples were collected from specific locations inside the popcorn storage bins and 
named A, B, and C. 
[b] 
Moisture content values are in wet basis 
[c] 
MWVT = Metric Weight Volume Tester (ideal range 40 – 50 ml/g)  
[d] 
KC = Kernel Count (target around 60 kernels)  
3.5. Conclusions 
Overall, the results for the fixed bed ozonation treatment trials showed the efficacy of 
ozone on adult stored product insect mortality in yellow maize and popcorn without 
affecting its end-use quality. The specific conclusions of this study are: 
 The CTP of 3,600 ppm-h to achieve 100% insect mortality using ozonation was 
confirmed for adult MW and RFB in fixed bed ozonation field trials. 
 The two phases of ozonation treatment were confirmed with Phase 1 (sterilization 
or passivation) completed when a steady-state exhaust ozone concentration (e.g., 
25 ppm or 50 ppm) is reached and then maintained during Phase 2 (treatment 
stage) for a specific time (e.g., 3 or 6 days to achieve the desired CTP needed for 
100% mortality of insects). 
 The capacity of fixed bed ozonation systems is limited by the airflow capacity of 
the installed fan and the ozone producing capacity of the generator. 
 The overall end-use quality of ozone-treated grain was not affected by fixed bed 
ozonation. 
Based on the observations and design considerations with respect to future treatment 




 The initial ozonation treatment of a grain mass takes more time to complete than 
subsequent treatments of the same grain mass (as long as it is not moved and 
recontaminated with dust, etc).  
 Uniform distribution of ozone throughout the entire grain mass with currently 
available ozone generating capacity would take excessive time and could 
overexpose a grain bin structure (exposed wall and roof surfaces, loading and 
unloading equipment) to ozone that eventually may cause some deterioration 
(e.g., rusting) of exposed metal surfaces. 
 Proper treatment of the grain mass will depend on the quantity of biological 
matter to be reacted with and the supply of ozone to complete the reaction 
process.   
Therefore, in order to improve the treatment effect, a semi-continuous counter-flow 
ozonation treatment system may be conceived and designed based on findings on this 
study and previous research conducted on in-bin counterflow drying of grain and 
counterflow cooling of feed pellets (Maier and Bakker-Arkema, 1992; Marks et al., 
1993). The primary reason for such an application is to ozonate grain at a faster rate 
based on the CTP of ozone required to remove off-odors from grain, eliminate microbial 
growth on grain kernels, and achieve 100% insect mortality in the bottom grain layer, 
which is removed after a predetermined treatment time. 
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CHAPTER 4. SEMI-CONTINUOUS COUNTERFLOW OZONATION SYSTEM3 
4.1. Abstract 
Treatment trials were conducted at the in-bin counterflow grain drying systems of the 
Northeast Purdue Agricultural Center (NEPAC) in August 2007 and at the Diener Farm 
in July 2008 and April 2009 with conventional maize. The primary  objective of this 
research study was to prove the concept of the semi-continuous counterflow ozonation 
system in a grain bin in order to ozonate the grain mass at a faster rate compared to fixed 
bed ozonation treatment, and quantify its effect on mold growth reduction present in 
stored grain. The treating system consisted on adding ozone through the fan transition 
duct into the plenum and moved upward through the perforated floor into the grain mass. 
The bottom layer of the grain mass was the main target of the treatment and is removed 
with the tapered unloading auger after the layer reaches the desired ozone concentration 
at a steady-state cycle to achieve mold reduction. The control of the system was based on 
three key variables of airflow, ozone mass flow, and exposure time. The ozone 
concentrations measured at the bottom grain layer were 25, 10, and 83 ppm, respectively 
for the August 2007, July 2008, and April 2009 trials. Airflow quantification at the 
surface of the grain mass resulted in a minimum air velocity of 0.03 m/s. The exposure 
time for each treated layer through the system was 500 minutes. The theoretical ozone 
concentration calculation results showed a substantial difference compared to the 
measured ozone concentration which was 10 to 20% and 42 to 64% the value of the 
theoretical concentration calculated at the July 2008 and April 2009 trials, respectively. 
                                                 
3 This Chapter was submitted for publication to ASABE’s journal “Applied Engineering in Agriculture” on October 
10, 2013. It is currently under the peer-review process and it only includes the data obtained from the field trials 
developed throughout 2009. 
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At the April 2009 trial, mold was effectively reduced more than 50% in seven of the 16 
treated grain layers with an average range of cumulative CTP between 340 to 565 ppm-h. 
Several engineering parameters need to be considered for commercial application scale-
up.  
4.2. Introduction 
Insect damage and mold growth can cause significant deterioration of stored grain 
by affecting its quality and reducing its economic value (Leesch, 2002). Currently, there 
are several grain management techniques available for insect control, i.e., fumigation, 
application of insecticides, temperature reduction, application of physical barriers, but 
mold growth control has been limited to moisture management and application of mold 
inhibitors. Ozone has been widely used in the food industry as a powerful sanitizer in 
vegetables, meat, water, etc. (Khadre et al., 2001). Its effectiveness as an anti-microbial 
agent has led the industry to have an interest in its application in stored product 
protection against mold growth, and for odor removal and mycotoxin degradation.  
The currently available approach to treat grain with ozone for insect mortality and 
mold reduction relies on the fixed bed ozonation system where ozone is introduced into a 
grain bin to reach a concentration-time product (CTP) of 3,600 ppm-h in order to reach 
100% insect mortality (Kells et al., 2001). The total duration of fixed bed ozonation 
treatment depends on different factors that include size of the treatment bin and its air 
tightness, ozone producing capacity of the generator, condition of the treated grain 
(amount of organic material including mold, mycotoxins, and insects), grain mass 
uniformity, and airflow quantity to move ozone effectively through the grain. Therefore, 
to ozonate a grain mass at a faster rate a semi-continuous counterflow ozonation system 
based on the in-bin counterflow grain drying concept (Marks et al., 1993) was developed. 
In that system, hot air is forced upward through the perforated floor and the grain mass. A 
specific bed depth is maintained depending on the conditions of the system in order to 
dry the grain in layers. Once the bottom layer reaches the desired moisture content, it is 
removed from the bin by a tapered unloading auger. At the same time a new grain layer 
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of an equal amount is loaded into the bin and spread evenly across the grain surface to 
continue the drying process.  
The semi-continuous counterflow ozonation treatment is based on adding ozone 
through the fan transition duct into the plenum and move upward through the perforated 
floor into the grain mass. The bottom layer of the grain mass is removed with the tapered 
unloading auger (Figure 4-1) after the layer reaches the desired ozone concentration to 
achieve insect mortality, mold reduction, and/or off-odor removal. The treated grain is 
subsequently transferred out of the bin to a semi-truck trailer, grain wagon or second 
storage bin. At the same time, an equal amount of untreated grain from another storage 
bin is spread evenly across the grain surface to maintain a constant grain depth during 
ozone treatment. Ozone is heavier than air and will settle in still air. Thus, to move ozone 
into and through the grain mass requires airflow produced by a fan similar to aerating 
grain.  
 









Figure 4-1. Schematic of the semi-continuous counterflow ozonation treatment system 
utilizing a tapered unloading auger with screw transfer conveyor to move treated grain 




In order to prove the semi-continuous counterflow ozonation process concept, 
better control over the key variables of airflow, ozone mass flow and exposure time is 
needed. The airflow needs to be controlled by sizing the fan to deliver at least the 
minimum air velocity of 0.03 m/s (Mendez et al., 2003) and a maximum that will not 
cause too great of an ozone dilution effect in the bottom grain layers. Airflow can be 
further controlled by adjusting the rotational fan speed with a variable frequency drive on 
the motor. A higher airflow can move ozone deeper into the grain mass but will also 
dilute the ozone concentration. A lower airflow can delay the treatment effect of ozone 
and waste electrical power consumed by the fan and ozone generator.  
The ozone mass flow is controlled by the ozone producing generator. The only 
available approach to control this variable is by shutting down one or more of the four 
chambers of the ozone generator. The exposure time of the grain to ozone is controlled by 
determining the CTP as a function of the ozone concentration at each grain depth needed 
for the desired treatment effect (odor removal, fungi sterilization, or insect mortality). 
Once the desired CTP is achieved, the tapered unloading auger removes the bottom grain 
layer, allowing the ozone concentration to build up again.  
Research into the usage of ozone for insect control has been the focus of 
experimental trials at the laboratory scale that have proven ozone as an effective tool for 
insect mortality (Erdman, 1980; Strait, 1998; Rozado et al., 2008: Pereira et al., 2008; 
Holmstrup et al., 2011; McDonough et al., 2011; Hansen et al., 2012). Only a few field 
research studies have been undertaken that have confirmed the lab results. Kells et al. 
(2001) achieved 92 to 100% mortality using a CTP of at least 3,600 ppm-h for adult 
maize weevil (MW) and adult red flour beetle (RFB). Bonjour et al. (2011) obtained 
100% mortality using a CTP of 4,800 ppm-h for adult RFB and 2,400 ppm-h for adult 
rice weevil (RW). Campabadal et al. (2013) reported 100% mortality using a CTP of 
3,600 ppm-h for adult MW and adult RFB. 
Limited research has been reported on ozone controlling mold growth on stored 
grain.  Kells et al. (2001) showed in field experimental trials that a CTP of 3,600 ppm-h 
reduced the number of viable conidia for A. parasiticus on the surface of maize kernels 
by 63%. Wu et al. (2006) and Allen et al. (2006) showed in laboratory studies that 
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gaseous ozone at a rate of 0.33 mg/g wheat-min and 0.16 mg/g barley-min, respectively, 
applied for 5 minutes in a reactor chamber reduced fungal spores in wheat by 97% and in 
barley by 96%. Dhillon et al. (2010) developed a fluidized bed process with an automated 
process spraying system to temper grain and reduce the microbial load. Their results 
showed that a combination of gaseous ozone + acetic acid + ozonated water (6 ppm, 
0.5%, 26 mg/l, respectively) for 14 min in the fluidized bed was effective in reducing 
aerobic plate count, and yeast and mold count by 1.7 and 3.3 log, respectively.  A number 
of research trials have been performed to study the effect of ozone for detoxification and 
degradation of mycotoxins in grain (Raila et al., 2006; Wu et al., 2006; Young et al., 
2006; Tiwari et al. 2010; Freitas-Silva and Venȃncio, 2010) and other agricultural 
products, i.e., red peppers (Inan et al., 2007), cotton seed and peanut meals 
(Dwarakanath, 1968; Dollear et al., 1968).  
The primary objective of this research study was to prove the concept of the semi-
continuous counterflow ozonation system in a grain bin in order to ozonate the grain 
mass at a faster rate compared to fixed bed ozonation treatment, and quantify its effect on 
mold growth reduction present in stored grain. 
4.3. Materials and Methods 
Pilot scale-up experimental trials of a semi-continuous counterflow ozonation 
system were conducted with conventional yellow maize as a preliminary trial at the in-
bin drying facility of the Northeast Purdue Agricultural Center (NEPAC) in Columbia 
City, IN in August 2007, and at the in-bin drying facility of the Diener Farm in Reynolds, 
IN in July 2008 and in April 2009.   
4.3.1. Semi-Continuous Counterflow Ozonation System Set–up 
The trial at NEPAC was set up and conducted in a corrugated metal grain bin of 
9.1 m diameter with a sidewall height of 4.1 m and a capacity of 196 tonnes. At the 
Diener Farm the trial was set up and conducted in a corrugated metal grain bin of 9.1 m 
diameter with a sidewall height of 4.9 m and a capacity of 256 tonnes. Both grain bins 
58 
 
were originally equipped with a grain drying system consisting at NEPAC of an axial fan 
powered by a 9.7 kW (13 hp) motor and at the Diener Farm of a centrifugal fan powered 
by a 2.2 kW (3 hp) motor, a propane burner, a grain distributor, and a tapered sweep 
unloading auger system (Shivvers, Corydon, IA) to remove a layer of maize from inside 
the bin after it was dried to the appropriate moisture content. In both systems, airflow 
through the grain mass is moved counterflow to the movement of the grain during 
loading and unloading.  At NEPAC, the sweep auger consists of a 4.5 m half bin diameter 
tapered screw conveyor which rotates around the bin diameter removing 0.10 m to 0.15 
m of grain for each full rotation. The removed grain is transferred by a vertical screw 
conveyor in the middle of the bin to the top of the bin where it is transported by an 
inclined screw conveyor into a nearby bin. At the Diener Farm, the sweep auger consists 
of a 9.1 m diameter tapered screw conveyor (Appendix B.1-1) which rotates around the 
bin diameter removing 0.15 to 0.20 m of grain for each full rotation. The removed grain 
is transferred by a screw conveyor located below the bin floor to an inclined screw 
conveyor that loads a semi-truck trailer or a grain wagon. The August 2007 NEPAC trial 
was conducted with 68.5 tonnes of maize for the whole treatment resulting in 13.7 tonnes 
for each of the five treated layers. At the July 2008 and April 2009 Diener Farms trials, 
the amount of grain in the bin was maintained at a constant 63.5 tonnes of maize during 
the treatment resulting in 12.7 tonnes for each of the five grain layers.  
4.3.2. Ozone Production, Movement and Monitoring System 
4.3.2.1. Ozone Production 
For the NEPAC trials in August 2007 and the Diener Farm trials in July 2008 
ozone was produced by a four chamber generator model 97D4 made by O3Co. 
(Aberdeen, ID) that has a rated capacity of 250 g/h of ozone (Appendix B.1-2).  For the 
Diener Farm trial in April 2009, ozone was produced by the four quad (16 chamber) 
generator model OzoBlast made by O3Co (Aberdeen, ID) that has a rated production 
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capacity of 1,000 g/h of ozone, but was used during the trials at 80% of its production 
capacity. 
Both generators were equipped to produce constant ozone flow without affecting 
its quality and levels using a pressurized system that heated and filtered the entering 
ambient air into the generation system in order to supply a stream of and constant 
temperature dried air into the ozone chambers.  
4.3.2.2. Ozone Movement into Semi-Continuous Treatment System 
In all three trials, ozone was discharged from the generator from each of the four 
outlets through 2.54 cm (1 in) supply lines into the grain bins. The four ozone supply 
lines were positioned to empty into the plenum of the grain bin through the fan transition 
duct (Appendix B.1-3) in order to achieve uniform distribution of ozone below the bin’s 
perforated drying floor. For the NEPAC trial, the axial fan (1,750 rpm) powered by a 9.7 
kW (13 hp) motor delivered too much air and diluted the ozone concentration too much. 
Due to the high amount of airflow produced by the axial fan, the fan intake was partially 
blocked by covering three-fourth of its diameter and air was allowed to bleed off from the 
transition duct connecting the fan with the grain bin by removing a 1.22 m (48 in) lid in 
order to throttle airflow to desired levels during treatment.  At the Diener Farm trials, the 
centrifugal fan was replaced with  a 0.35 m diameter and 3,500 rpm axial fan 
manufactured by Sukup Manufacturing Company (Sheffield, IA) powered by a 0.75 kW 
(1 hp) motor (Appendix B.1-3). It was controlled by a variable frequency drive (VFD) 
that was adjusted as needed. 
For both setups, once a steady-state maximum ozone concentration was achieved 
for a treatment cycle, the unloading sweep auger was manually activated to remove the 
bottom grain layer. This caused the ozone concentration to decrease before building up 
again as more untreated maize was being sterilized. This removal and addition resulted in 
a constant 1.5 m depth of grain during each treatment. The action simulated a semi-
continuous process that attempted to maintain the same treatment variables (amount of 
grain treated and CTP), and thus treatment effect for all grain. At the same time it assured 
proper and uniform ozonation throughout the process. 
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4.3.2.3. Ozone Monitoring System 
Ozone was quantified with a monitoring system that measured the concentration 
in different layers of the grain mass using multiple monitoring lines (Figure 4-2). An 
ozone analyzer model IN-2000 made by INUSA (Boston, MA) was used and data was 








Figure 4-2. Schematic of the ozone monitoring lines installed on a custom-built frame 
inside the NEPAC and Diener Farm bins and connected to the ozone analyzer via a 
manual valve control manifold. 
At the NEPAC trial, ozone monitoring lines were placed in the bin inside the 
grain mass attached to 0.009 m (3/8 in) stainless steel tubes fastened to two wood boards 
(Appendix B.1-4) that held the monitoring lines in place when the tapered unloading 
auger was working. The monitoring lines were placed at the following depths: 0.17 (2 
lines), 0.23, 0.31, 0.61, and 0.89 m, and one above the grain surface, and one in the 
plenum. At the Diener Farm, monitoring lines were installed along a custom-built metal 
frame (Appendix B.1-5) placed in the grain bin at the following depths: 0.30 (2 lines), 
0.55, 0.86, 1.14, 1.44, 1.73, 2.06, 2.36 and 2.76 m above the floor, and one in the plenum. 
The first monitoring line at 0.30 m above the grain floor was placed at the top of the 
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bottom grain layer because of the sweep depth of 0.15 to 0.20 m of the tapered auger. 
Monitoring lines from 0.55 m to 1.44 m were placed in the middle of each of the next 
four grain layers. The rest of the monitoring lines ended up monitoring the headspace of 
the grain bin because of the limited amount of maize available for both trials. 
In the first treatment trial at NEPAC, monitoring lines between the grain mass and 
the ozone monitor had different lengths which affected the accuracy of the ozone 
concentration readings. This effect was subsequently quantified in laboratory experiments 
and data was corrected (Appendix B.2-1). For the Diener Farm trials all monitoring lines 
had the same length of 15.2 m (50 ft) to minimize ozone degradation. This length was 
determined to be the maximum allowable to minimize ozone loss based on the laboratory 
study.  
Each monitoring line was connected to a valve control manifold that was 
connected to the ozone analyzer (Appendix B.1-6) so only one monitoring line was 
sampled at a time. At the same time, one monitoring line from the plenum was always 
connected to a second ozone analyzer. 
4.3.3. Airflow Quantification 
 Airflow was used to determine the theoretical ozone concentration in each treated 
grain layer.  Air velocity was measured to quantify airflow for each grain layer using a 
previous procedure described by Bartosik (2005). Air velocity is measured at several 
locations of the grain surface using a custom built funnel (Figure 4-3) and a vane-wheel 
anemometer (Omega HHF91, Omega Engineering Inc., Stanford, Connecticut). The 
anemometer was placed on the smaller diameter end of the funnel to measure air velocity, 
which was then converted into volumetric airflow through the grain mass and averaged 





Figure 4-3. Air velocity measurement equipment consisting of a custom-built funnel and 
vane-wheel anemometer used at NEPAC and the Diener Farm to determine airflow in 
each grain layer.  
The air velocities in each layer were averaged and converted to airflow using the 
following equation: 
Q = V*A     (4-1) 
where, 
Q = Airflow (m
3
/min) 
V = Air velocity (m/min) 




For the Diener Farm trials, a fan performance test (ANSI/ASHRAE, 1999) was 
done on the 0.35 m diameter axial fan at the Bioenvironmental and Structural System 
Laboratory, Department of Agricultural and Biological Engineering, University of 
Illinois at Urbana-Champaign to measure the airflow produced at different fan speeds 
(rpm) and static pressures. The test determined the airflow volume (airflow = air velocity 
times cross sectional area) produced by the fan in a controlled environment chamber by 
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measuring the air velocity through a nozzle and relating it to the nozzle coefficient of 
discharge. The air velocity was calculated by measuring the pressure drop across the 
nozzle. The static pressure values inside the testing chamber were controlled and chosen 
to simulate the static pressure produced during normal aeration of grain using the same 
axial fan. The pressure drop was affected by the air density, therefore the airflow results 
were adjusted to standard air conditions. A variable frequency drive was used to control 
the fan rotational speed by relating frequency to each rotational speed (Appendix B.3-1). 
The airflow volume was measured at the following fan rotational speeds: 3500, 3000, 
2500 and 2000 rpm and at static pressures ranging from zero to 2.5 in.H2O determined 
during the test in order to obtain specific airflow values. Also the voltage, amperage and 
power consumption of the axial fan were measured.  
The resulting airflow data was plotted for each rotational speed against the 
different static pressure values to determine the fan performance curves (Figure 4-4). The 
fan performance data from the manufacturer (Sukup Manufacturing Company Sheffield, 




































Figure 4-4. Fan performance curves for the 0.35 m diameter axial fan used at the Diener 
Farm trials comparing static pressure versus airflow as determined on the test stand for 
four fan rotational velocities. 
4.3.4. Theoretical Ozone Quantification 
The theoretical ozone concentration for each grain depth at the NEPAC June 2007 
trial and Diener Farm July 2008 trial was calculated based on the quantified airflow using 
the following two formulas that relate ozone production of the 250 g/h generator with the 
ambient conditions. Airflow measurements were not performed for all grain depths; 
instead the values were interpolated between grain depths. The formulas are the 
following: 
O3 = Mass O3 *R*T           (4-2)                 
         P 
where, 
O3 = Ozone concentration (ppm) 





R = 173.21667 (J/Kmol*K)/(Molecules of Ozone) 
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T = Air temperature (K) 
P = Pressure (Pa) 
 
 
Mass O3 =     O3Flow              (4-3)                                 
                  Q*1000*60   
 
where, 
O3Flow = Ozone flow (250 g/h) 
Q = Airflow (m
3
/min) 
4.3.5. Design Considerations for the Diener Farm Trial 
Based on the results obtained from the semi-continuous counterflow ozonation 
preliminary trial performed at NEPAC, several parameters and design considerations 
were modified to further improve the process and generate data. For experimental 
purposes, the grain mass was divided into five grain layers of 0.30 m each. The fan and 
burner were replaced with a 0.75 kW (1hp) axial fan (Sukup, Sheffield, IA). The grain 
bin was also equipped with a Controlled Flow Grain Spreader (Shivvers, Corydon, IA) 
with the capacity to distribute and level-fill up to 5,000 bu/h. It was used to distribute 
grain as uniformly as possible into an even layer across the grain surface by controlling 
its rotational speed with a variable speed motor and a diverter that drops the grain on-top 
of the grain mass. Preliminary testing indicated that at the lowest and highest rotational 
speeds the desired leveling was not adequate because a pile was formed in the middle of 
the grain mass. Therefore, several rotational speeds were tested which indicated that the 
most uniform grain distribution without affecting the loading throughput into the grain 
bin was obtained at 75% of full rotational speed.  
The capacity and size of the axial fan used to move the ozone into the grain mass 
was chosen based on the size of the grain bin (9.1 m diameter with a sidewall height of 
4.9 m and a capacity of 256 tonnes) using the FANS for Windows Software, version 1.1 
(1996 Minnesota Extension Service, University of Minnesota, Minneapolis, MN).  
Appendix B.5-1 shows the results of the airflow and power requirements needed from a 
fan to aerate maize at 1 m
3
/tonne/min ≈ 1 cfm/bu.  
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4.3.6. Mold Count Quantification 
At the Diener Farm April 2009 trial, mold count was quantified by measuring the 
number of colony forming units (CFU) before and after treatment of yellow maize on the 
semi-continuous ozonation system. Yellow maize samples were taken for each treated 
grain layer that was removed from the system. To determine the number of colony 
forming units (CFU) on the grain surface, 25 g of maize was added to 50 ml of 0.05% 
Triton X-100 solution and mixed for 2 min.  The wash was serially diluted and plated 
onto malt salt medium (2% malt extract, 6% NaCl, and 1.5% agar).  Plates were 
incubated at 28˚C for 3 to 5 days and then counted for CFU.   
4.4. Results and Discussion  
The semi-continuous counterflow ozonation treatment was developed based on 
the findings obtained in the trials at NEPAC in August 2007 and at the Diener Farm in 
July 2008. Its treatment efficacy for mold reduction was explored at the Diener Farm in 
April 2009.  
4.4.1. Semi-Continuous Counterflow Ozonation Trial at NEPAC in 2007 
In this initial semi-continuous counterflow treatment, the goal was to move the 
ozone front through all grain layers to understand its flow and overall behavior of the 
system. Once the bottom layer reached a constant concentration, it was removed and 
transferred out of the grain bin by the tapered unloading auger. No additional grain layers 
were added on top of the grain mass after each bottom grain layer was removed due to 
the limited amount of untreated grain available for the trial.  
4.4.1.1. Ozone Movement due to Airflow 
Ozone was moved through the grain mass in the bin based on the results reported 
by Mendez et al. (2003) where the flow of ozone was optimal for accomplishing 85% of 
the ozone concentration produced by the generator using a minimum air velocity of 0.03 
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m/s. For the modified configuration of the NEPAC bin, the air velocity measurements 
(Table 4-1) for each grain layer showed an air velocity of 0.037 m/s at the surface of the 
grain mass which was consistent with the specifications by Mendez et al. (2003). This 
was the furthest point the airflow needed to move the ozone in the treatment.  
Table 4-1. Air velocity as determined by the Bartosik (2005) method, calculated airflow 
rate and theoretical ozone concentration at each grain layer during the NEPAC August 
2007 treatment trial. 




1.37 0.037 31.5 59 
1.07 0.049 41.9 52 
0.76 0.050 42.8 45 
0.45 0.059 51.2 42 
0.25 0.060 51.7 38 
 
4.4.1.2. Ozone Concentration and Exposure Time to Grain  
The goal was to allow the ozone concentration to build up to a value of 30 ppm, 
but throughout the treatment it resulted in an average of 25 ± 6 ppm for 60 to 120 minutes 
in the bottom grain layer (Figure 4-5). A maximum value of 34 ppm was achieved in 
three of the 21 treated bottom grain layers removed from the bin. The lower value of 13 
ppm was measured for the last treated bottom grain layer of the trial. Assuming that the 
ozone generator provided a steady flow of ozone mass into the bin, the partial blockage 
of the inlet side of the fan airflow rate made it difficult to control the ozone concentration 
at 30 ppm. Instead, it fluctuated between 13 and 34 ppm. The bottom grain layer had a 
depth of 0.25 m but the monitoring line was placed at the mid-point of the layer 0.17 m 
above the bin floor.  No ozone concentration was measured in the headspace until the 
grain mass dropped below a depth of 0.89 m above the bin floor. Ozone was detected 
because the grain depth became too shallow to react with the excess amount of ozone 































Bottom Grain Layer in Bin
 
Figure 4-5. Ozone concentration in the bottom grain layer measured at 0.17 m above the 
floor in the NEPAC bin during the August 2007 trial. 
4.4.1.3. Theoretical Ozone Concentration 
The theoretical ozone concentration was calculated based on the airflow (Table 4-
1). The theoretical calculations showed ozone concentrations decreasing as airflow rates 
increased. At the mid-point of the bottom grain layer (0.17 m) the theoretical ozone 
concentration was predicted to be 38 ppm. Equations 2 and 3 do not take into account 
ozone reaction with the organic material present on the grain mass. Therefore, they can 
only be used to calculate the maximum expected concentration in the bottom grain layer 
where ozone is entering directly from the generator.  
Comparing the theoretical and average measured ozone concentrations indicated a 
13 ppm difference. This was presumably due to the difference in the actual ozone 
producing capacity of the generator, the losses in the plenum and through the perforated 
floor, and the measurement error in ozone concentration in the monitoring system. For 
the other grain mass layers the theoretical and measured ozone concentration comparison 
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is meaningless because Equations 2 and 3 do not take into account the reaction effect 
ozone has with the grain as it flows up into the grain mass. Phase 1 is established when 
all grain is initially sterilized. Phase 2 occurs when the ozone front can move through the 
grain mass and the concentration continues to build up. Therefore, the only valid 
comparison was between the theoretical and average measured values at the bottom layer 
of the grain mass. 
4.4.2. Semi-Continuous Counterflow Ozonation Trial at Diener Farm in 2008 
Based on the previous trial and preliminary data, it was concluded that given 
limited generator capacity the best ozone exposure time for each layer was between 60 to 
120 minutes. This resulted in each grain layer having an ozone CTP of at least 27 ppm-h 
without interfering with adding new untreated grain layers and removing treated layers on 
a semi-continuous basis. 
4.4.2.1. Ozone Movement due to Airflow 
Ozonated air was moved through the grain mass by a 0.35 m diameter and 3,500 
rpm axial fan connected to a variable frequency drive. Airflow was measured in the 
treatment bin at fan rotational velocities of 2000 and 3500 rpm which resulted in static 
pressures of 0.50 and 2 inches of water and airflow rates of 9.30 and 14.25 m
3
/min, 
respectively.   
Airflow values obtained at a fan rotational speed of 3,500 rpm from the fan 
performance test (ANSI/ASHRAE, 1999), the fan manufacturer, and the average 


























Airlflow Laboratory Fan Testing
Airflow Data from Fan Manufacturer
Airflow Measured by Bartosik's Method
 
Figure 4-6. Static pressure values versus airflow values for the 3,500 rpm axial fan   
powered by a 0.75 kW (1 hp) motor comparing data from the manufacturer against 
performance test standard data and data collected in the grain bin during the Diener Farm 
July 2008 trial. 
The comparison of the airflow values obtained from the fan manufacturer 
(Appendix B.4-1) versus the laboratory fan test showed that the values obtained from the 
manufacturer predicted a higher airflow value at the same static pressure except at 2 
inches of water where it was almost the same value, i.e., 17.21 and 16.84 m
3
/min for the 
laboratory and manufacturer values, respectively.  As the static pressure decreased, the 
difference in airflow values gradually increased by almost 20% at zero static pressure. In 
comparison, the actual airflow value of 14.28 m
3
/min was about 15% lower than the 
predicted value at 2 inches of static pressure. No comparisons could be made at other 
rotational speeds between airflow values obtained from the fan laboratory testing and 
data from the manufacturer because the manufacturer only published data for the fan 
rotational speed of 3,500 rpm.  
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At a fan rotational speed of 2,000 rpm, the airflow value obtained from fan 
laboratory testing at 0.5 inches of static pressure was 13.03 m
3
/min versus 9.30 m
3
/min  
obtained from the procedure described by Bartosik (2005). This was 28% lower than 
predicted and nearly double the difference of 15% at 2 inches of static pressure. This 
difference may have been due to the fact that the airflow values measured using the 
procedure described by Bartosik (2005) were affected by the resistance to airflow for 
broken corn, foreign material and grain dust in the void spaces among corn kernels which 
restricted airflow through the grain mass. The airflow values at 2 inches of static pressure 
given by the manufacturer and the laboratory data only differed by 2%. In both cases, the 
airflows were measured at ideal conditions in an isolated chamber with no air disruption 
caused by grain or any other foreign material. 
The minimum air velocity reported by Mendez et al. (2003) of 0.03 m/s needed to 
utilized 85% of the ozone concentration from the ozone generator was achieved 
throughout the treatment (Figure 4-7). It was measured using the fan performance curve 
obtained from the fan laboratory testing (Figure 4-4), where airflow was quantified for 
the treated bottom grain layer before removal to determine air velocity for each fan 
rotational speed used and corresponding static pressure measured during each 15-minute 























Air Velocity of Axian Fan
 
Figure 4-7. Air velocity produced in the bottom grain layer by varying the rotational 
speed of the axial fan (Sukup Manufacturing Company Sheffield, IA) during the semi-
continuous ozonation treatment cycles at the Diener Farm trial in July 2008. 
Based on Figure 4-4, the fan speed was regulated to supply air velocities ranging 
from the minimum of 0.03 m/s to 0.058 m/s during each 15-minute interval throughout 
the treatment period in order to maintain a constant flow of ozone concentration into the 
bottom grain layer. This was achieved by adjusting the frequency control of the VFD and 
slowing down or speeding up the rotational speed of the axial fan in order to maintain the 
air velocities for proper ozone movement into the grain mass.  
4.4.2.2. Ozone Concentration and Exposure Time 
In the Diener Farm July 2008 trial it was not possible to reach the desired ozone 
concentrations in the grain layers of the semi-continuous counterflow system for any of 
the treatment effects (odor removal, mold reduction or insect mortality) due to the 
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undersized capacity of the available ozone generator. Therefore, the treatment effect was 
simulated with the goal of allowing the ozone concentration to build up to a maximum 
level of 14 ppm (based on preliminary data) within 60 to 120-minute periods between the 
five unloading and refilling cycles.  
After initially filling the grain bin, the plenum of the bin was treated with ozone 
for 24 hours without airflow movement with a CTP of 14,400 ppm-h. This allowed the 
ozone concentration to build up and produced a sterilizing effect in the plenum that 
avoided further ozone reaction with organic materials found in the plenum (pests, dust, 
broken corn and foreign material) during the subsequent treatment test. This high ozone 
concentration buildup to provide a sterilizing effect was performed based on the previous 
ozone concentration buildup on the treatment bin at the NEPAC trial which resulted in a 
CTP of 2,400 ppm-h that drove mice out of the plenum into the fan transition duct and 
killed them likely due to intoxication with ozone (Appendix B.6-1). This non-airflow 
ozone buildup in the plenum concurred with McClurkin (2009) laboratory research 
results which stated that ozone concentration can stay stable over many hours in still air 
after the application location has gone through a sterilizing effect and there are no more 
possible oxidizing reactions.  As a result, ozone moved presumably more consistently 
into the grain mass improving the overall treatment effect.  
Ozone concentration was measured in 15-minute intervals in the bottom and 
subsequent layers of the grain mass during treatment (Figure 4-8). Due to the limiting 
production capacity of the ozone generator and the relatively short period of treatment 
time of 15-minute intervals that did not allow more ozone concentration buildup, no 
ozone concentration was present in the upper three layers (0.76, 1.07, and 1.37 m above 
grain bin floor). Three different phases were identified in the semi-continuous ozonation 
treatment system. The first phase involved buildup of ozone concentration during which 
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Figure 4-8. Ozone concentration at the 0.25 m and 0.45 m grain depths during 15-minute 
intervals of the semi-continuous ozonation test at the Diener Farm July 2008 trial. 
The highest ozone concentration in the bottom grain layer achieved during any 
cycle was 14 ppm which occurred in the first two cycles. During the next two cycles a 
maximum of 12 ppm was reached and 10 ppm during the fifth cycle. After each bottom 
layer of grain was removed and new layers were added on top of the grain mass, the 
ozone concentration decreased to a minimum of 7 - 8 ppm and then started to build back 
up until grain layers were subsequently removed. In an attempt to maintain a constant 
ozone concentration, airflow was increased during grain removal to minimize ozone 
leaking to the outside of the grain bin through the screw conveyor. Increasing the airflow 
also helped to move ozone faster into the new bottom grain layer to start the ozone 
sterilizing effect faster.  
Airflow was decreased after grain removal was complete to establish steady state 
conditions that allowed ozone concentration to build up to the target ozone concentration. 
The high peaks of each ozone concentration curve represent the build-up of ozone during 
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steady-state (Figure 4-8). Reducing airflow decreased the dilution of ozone in the grain 
mass. Figure 4-6 shows how the air velocity varied consistently between the high peak at 
0.058 m/s and the low peak of 0.03 and 0.04 m/s by controlling of the fan VFD with the 
goal of maintaining an ozone concentration as constant as possible during each grain 
loading and unloading cycle. 
After the second cycle, the target ozone concentration of 14 ppm could not be 
reached. Therefore, to compensate for this decreased ozone concentration the exposure 
time of the bottom grain layer was increased gradually from 60 to 75 minutes for the third 
cycle, 105 minutes for the fourth cycle, and 120 minutes for the last cycle. This decrease 
in target ozone concentration after completion of the second cycle may have been caused 
by the fact that the bottom 0.45 m of the grain mass had experienced a pre-treatment 
effect during the initial 24 hours of ozone treatment of the plenum.  
Once all reactive sites had been sterilized, steady-state conditions at the maximum 
possible ozone concentration were reached in the second stage. This stage could be 
maintained for the needed treatment period in order to reach the desired CTP. As soon as 
unloading of the bottom grain layer was initiated, ozone concentration decreased to a 
minimum level, which was defined as the third stage.  
The treatment effect due to ozone penetrating through the bottom layer and 
causing a sterilization effect in the subsequent grain layers has to be added in order to 
quantify the total CTP. This illustrates a primary advantage of the semi-continuous 
counterflow treatment system in that the bottom grain layer can be removed once the 
desired CTP is reached compared to a fixed bed system where fully treated layers 
continue to be exposed to ozone without further benefit. 
In the second grain layer located at 0.45 m above the bin floor, the ozone 
concentrations had lower maximum and minimum values during each of the five cycles 
(Figure 4-8). The three stages previously described can also be observed in this layer 
during the five cycles of the completed treatment. The steady state (first stage) of 
ozonation was more pronounced with higher ozone concentration values in the grain 
layers 0.25 m above the grain bin floor compared to the grain layers 0.45 m above the bin 
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floor. This was due to the build-up of ozone concentration after its reaction with the grain 
and its flow to the upper layers in the grain mass during treatment.   
Ozone concentration for the two grain layers 0.25 and 0.45 m above the bin floor 
was on average 10 and 5.5 ppm, respectively. In Figure 4-9, each peak of the ozone 
concentration line over time for the bottom grain layers represents the treatment cycle 
which is divided in three stages, i.e., loading, steady state treatment (holding), and 
unloading of the maize. Each cycle had a varying ozone concentration depending on the 
stage during the treatment (increasing during loading, steady during holding, and 
decreasing during unloading).  Therefore, adding the average ozone concentration for 
each stage over time represents the total CTP reached. The cumulative CTP for each of 
the four treated grain layers (Table 4-2) that went completely through the system had an 
average of 27 ppm-h. This was a low value when compared to the overall goal of 
reaching a CTP of 3,600 ppm-h that can achieve 100% insect mortality and significant 
mold reduction. These cumulative CTP values were calculated based on the ozone 
concentrations measured when each grain layer was treated in the bottom two layers 
above the floor. No additional treatment effect from the higher three grain layers (0.76, 
1.07, and 1.37 m above grain bin floor) were added to the cumulative CTP because no 
ozone concentration was detected at the monitoring lines located at 0.76 m and above. 
This was likely due to the fact that during this pilot test not enough ozone generating 
capacity was available to push ozone deeper into the grain mass than about 0.45 m. 
Additionally, more than five cycles would have had to be conducted to achieve steady-
state conditions for the treatment system. Due to the limited availability of maize during 
this summer trial and the need for the ozone generator at another commercial location, no 






Table 4-2. Cumulative concentration-time product (CTP) obtained for each of the four 
treated layers of the grain mass when located at 0.25 and 0.45 m above the bin floor at the 





Grain Depth at  
0.25 m  
Grain Depth at  
0.45 m  
Cumulative for both Grain 
Depths at 0.25 and 0.45 m 
1 25 16 41 
2 17 10 27 
3 15 7 22 
4 12 6 18 
Average 17 10 27 
 
4.4.2.3. Theoretical Ozone Concentration  
The theoretical ozone concentration for the bottom grain layer of each cycle was 
calculated based on the quantity of airflow (Figure 4-4) achieved during each cycle using 
equations (2) and (3) that related ozone production from the 250 g/h generator with 













Table 4-3. Fan rotational speed, static pressure, airflow rate, measured and theoretical 
ozone concentration, and percent measured vs. theoretical ozone concentration for each 









    
Ozone Concentration 
Measured    Theoretical 
Measured vs. 
Theoretical 
 (rpm) (in.H2O) (m
3
/min) ( ppm) (%) 
 
1 3500 0.17 49.9 14 42 33 
2 3500 0.17 49.9 14 42 33 
3 2000 0.12 24.5 9 85 11 
4 2000 0.12 24.5 14 85 16 
5 3500 0.17 49.9 8 42 19 
6 2000 0.12 24.5 11 85 13 
7 2000 0.12 24.5 11 85 13 
8 3500 0.17 49.9 8 42 19 
9 2500 0.12 33.7 12 62 19 
10 2500 0.12 33.7 10 62 16 
11 3500 0.17 49.9 7 42 17 
12 2500 0.12 33.7 8 62 13 
13 2500 0.12 33.7 9 62 15 
14 3500 0.17 49.9 8 42 19 
15 3500 0.17 49.9 7 42 17 
 
*
Data was averaged over 30 minutes. Measurements were taken every 15 minutes 
(Appendix B.7-1). 
 
When comparing the measured versus theoretical ozone concentration values 
(Table 4-3) for each bottom grain layer during treatment, a substantial difference was 
observed. With the exception of the first interval, the measured ozone concentration was 
between 10 to 20% of the theoretical concentration. Possible reasons for these observed 
differences include:  
 Potential difference between the actual ozone producing capacity of the generator 
and its rated capacity. 
 Blockage of end of the monitoring lines by grain dust or broken corn kernels that 




 Possible leakage of ozone from the grain bin when ozone was moved by airflow 
from the plenum into the grain mass. 
 Equations (2) and (3) used to calculate the theoretical ozone concentration do not 
account for the effect of ozone reaction with organic material adhering to grain 
kernel surfaces (mold, yeast and grain dust). This would delay the ozone 
sterilizing effect and subsequently decrease measurable concentration. 
 The presence of broken grain and foreign material (BGFM) and grain dust 
throughout the grain mass prevented uniform airflow distribution and thus non-
uniform distribution of ozone. This would have affected the treatment of grain 
and may have caused the monitoring system to sample at a non-representative 
ozone concentration point. 
 The effect of ambient temperature and relative humidity on the ozone producing 
capacity of the generator and ozone degrading effect in the supply lines remained 
unknown. 
4.4.3. Semi-Continuous Counterflow Ozonation Trial at Diener Farm in 2009 
The trials at the Diener Farm in April 2009 were based on the findings of the 
previous treatment trials at NEPAC in August 2007 and at the Diener Farm in July 2008. 
The treatment system was identical to the setup and procedure used at the Diener Farm in 
July 2008 except that a higher production capacity ozone generator model OzoBlast was 
used to deliver 80% of its 1,000 g/h ozone producing capacity. This allowed a higher 
CTP to be reached at each treated grain layer. Due to the semi-continuous movement of 
maize through the system, a full cycle was defined as 13.7 tonnes of grain moving 
through all five depths in the grain mass. Therefore, each layer was treated with ozone for 
at least five hours of steady state plus five 40-minute intervals (200 minutes) of unloading 
and refilling cycles for a total treatment time of eight hours and 20 minutes. Overall, 24 
layers of maize were treated in the trial with 16 treated for a full cycle.  
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4.4.3.1. Ozone Movement due to Airflow 
The ozone front was moved through the grain mass in the same manner and under 
similar conditions as during the July 2008 trial.  No differences were noticed from the 
previous Diener Farm trial. 
4.4.3.2. Ozone Concentration and Exposure Time 
The almost four times higher production capacity generator used during this trial 
delivered much higher ozone levels compared to the previous treatment trial and resulted 
in higher CTPs for each treated layer. After initially filling the bin with 68.4 tonnes of 
maize, the plenum was treated with ozone without airflow movement for six hours to 
obtain a sterilization effect that decreased any further ozone reaction with any organic 
material found in the plenum. 
 The semi-continuous counterflow treatment effect was setup to maintain ozone 
concentration between 80 to 85 ppm in the bottom grain layer during the 60-minute 
steady state cycle. During the unloading and refilling cycles that took an average 40-
minutes, airflow was reduced to avoid leaking out ozone from the grain mass into the 
headspace inside the bin and out through the unloading auger. Thus, the ozone 
concentration was controlled and remained on average constant during the three different 
phases that were previously defined. Therefore, the distinct ozone buildup phase reported 
in the previous Diener Farm July 2008 trial was lost due to better control over the 
airflow.  On average for every grain layer that went through the system at each of the five 
grain depths, ozone concentration remained constant (Table 4-4). The exposure time for 
each grain layer treated through the semi-continuous system through an entire cycle (5 
layers of 40 minutes loading and unloading and 60 minutes steady-state) was 500 minutes 
(8 hours and 20 minutes).  
The ozone flow was controlled in the bottom grain layer by the manipulation of 
the incoming counterflow airflow. The average ozone concentration for this layer was 83 
ppm with a standard deviation of ± 10 ppm which confirmed how well the system was 
controlled. The ozone concentrations in the subsequent grain layers had decreasing values 
as ozone was pushed upward through the grain mass. This reduction was expected 
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because ozone is reacting and building up concentration as it counterflows through the 
grain layers. The standard deviation in these layers had an increasing variation as ozone 
travelled upward. This is also shown by the increasing coefficient of variation (CV). This 
variation could have been caused by the non-uniform ozone concentration buildup due to 
the ozone reaction with the organic material and broken grain and foreign material 
(BGFM) of each new grain layer that was added into the system during the refilling 
process. 
Table 4-4. Average ozone concentration at each of the five grain depths that were 
monitored for all treated grain layers at the Diener Farm April 2009 trial. 
Grain Depth Ozone Concentration  
(m) Average  
(ppm) 
Standard Deviation  
(± ppm) 
Coefficient of Variance 
(%) 
0.30 83 10 4 
0.61 54 13 29 
0.92 28 16 57 
1.22 26 15 51 
1.53 12 3 82 
 
 During the initial treatment of the first five grain layers, ozone penetrated through 
the bottom layer causing a sterilization effect similar to the first phase shown in the fixed 
ozonation trials where ozone is reacting with the organic material before its concentration 
starts building up. After the first full cycle of five layers flowing through the system, 
starting at layer 6 this initial sterilization effect occurred only in the new grain layers after 
each refilling step. Therefore, the four lower grain layers had more stable average ozone 
concentration buildup which contributed to the cumulative CTP. For each of the 24 
treated grain layers, their respective CTP was calculated across all five grain depths 
during the treatment process and added up as cumulative CTP (Figure 4-9). The average 
cumulative CTP for the 16 grain layers treated at a full cycle was 425 ppm-h with a 
standard deviation of ± 65 ppm-h. This fluctuation could have been due to the difference 
in maize quality between each treated layer. This could have caused a delay in ozone 
concentration buildup due to ozone reacting with the organic material and BCFM (1.2% 
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average in each layer with ±0.4% standard deviation). In terms of moisture content, there 




























Ozone Concentration Time Product
Start of first fully treated cycle of five layers
Average CTP  from layer 5 to 20 is 425 ppm-h
425 ppm-h
 
Figure 4-9. Cumulative ozone concentration-time product for each of the 24 treated grain 
layers of 13.7 tonnes of grain at the Diener Farm April 2009 trial. 
The average CTP value of 425 ppm-h was well below the targeted CTP of 3,600 
ppm-h that was found by Kells et al. (2001) to reduce mold spores by 63%. It was not 
reached due to the limitation of the ozone producing capacity of the generator. However, 
it serves as proof of concept that for semi-continuous counterflow systems higher 
producing capacity generators will result in reaching a cumulative CTP faster compared 
to treatment in fixed bed ozonation systems. A higher ozone producing capacity 
generator of 2,000 g/h could be use, or multiple 1,000 g/h ozone generators could be 
lined up in parallel in order to deliver more ozone. Another way to increase the CTP is to 
increase the retention time during the steady state cycle but at the same time will result in 
an increase of the treatment time. Calculations for each full cycle treated grain layer 
(Table 4-5) showed that the ozone concentration at the bottom grain layer contributed on 
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average 41% to the total CTP during treatment with a standard deviation of ± 8% and a 
CV of 20%. The second to the bottom layer contributed on average 28% ± 9%. The upper 
three layers accounted for an average of 31% ± 5% of the total CTP. Therefore, the 
bottom two grain layers accounted for about two thirds of the cumulative treatment 
effect.  
Table 4-5. Average, standard deviation (SD) and coefficient of variation (CV) of the 
percentage of cumulative ozone concentration-time product (CTP) at each grain depth 
during the Diener Farm April 2009 trial.   









0.30 41 8 20 
0.61 28 9 30 
0.92 12 6 49 
1.22 12 4 37 
1.53 6 4 63 
 
For the key variables of airflow, ozone mass flow and exposure time that help 
control the system, ozone mas flow was not controlled because the ozone generator 
worked at its full capacity. The control of airflow helped maintain the targeted ozone 
concentration in the bottom grain layer, and thus is the key performance parameter of the 
system. Exposure time can be manipulated to increase the interaction of the ozone flow 
with the grain.  
In the fixed bed ozonation system a CTP of 425 ppm-h can be reached in 20 to 50 
hours depending on different factors like grain quality, ozone producing capacity of the 
generator, size of the grain bin, and airflow used to move the ozone front through the 
grain mass (Campabadal et al., 2013). Therefore, based on a comparison for treatment 
times between semi-continuous ozonation and fixed bed ozonation, a CTP of 425 ppm-h 
can be reached approximately two to five times faster.  
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4.4.3.3. Theoretical Ozone Concentration 
The theoretical ozone concentration for each of the bottom grain layers treated for 
a full cycle was calculated based on the quantity of airflow (Figure 4-4) achieved using 
equations (2) and (3) that related ozone production from the 812.5 g/h generator 
(OzoBlast ozone production was 81.25% of the rated capacity) with ambient conditions 
at an average ambient temperature of 25°C (Table 4-6). The average theoretical ozone 
concentration was 146 ± 16 ppm. 
Table 4-6. Fan rotational speed, static pressure, airflow rate, measured and theoretical 
ozone concentration, and percent measured vs. theoretical ozone concentration for each 







    
Ozone Concentration 
Measured    Theoretical 
Measured vs. 
Theoretical 
 (rpm) (in.H2O) (m
3
/min) ( ppm) (%) 
 
1 3500 0.17 50.55 77 134 57 
2 3000 0.15 43.04 82 158 52 
3 2500 0.14 35.25 81 192 42 
4 3000 0.15 43.04 82 158 52 
5 3120 0.16 44.46 85 153 56 
6 3120 0.16 44.46 79 153 52 
7 3120 0.16 44.46 76 153 50 
8 3000 0.15 43.04 82 158 52 
9 3430 0.17 49.55 85 137 62 
10 3500 0.17 50.55 89 134 66 
11 3500 0.17 50.55 85 134 63 
12 3500 0.17 50.55 79 134 59 
13 3500 0.17 50.55 83 134 62 
14 3500 0.17 50.55 86 134 64 
15 3500 0.17 50.55 85 134 63 
16 3500 0.17 50.55 85 134 63 
 
When comparing the measured versus theoretical ozone concentration values 
(Table 4-3) for each bottom grain layer during treatment for a full cycle, the measured 
ozone concentration was between 42 to 66% of the theoretical concentration with an 
average of 57%. Compared to the theoretical ozone concentration calculations performed 
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for the Diener Farm July 2008 trial, there is a substantial increase in the percentage of 
measured to theoretical concentration by about approximately three to four times. 
Possible reasons for these observed differences are mentioned in section 4.4.2.3.The 
possible reasons for the improvement are: 
 Possible better quality of the utilized maize during the treatment which could have 
allowed better movement of the ozone front through the grain mass. 
 Higher ozone producing generator which allowed an increased in the ozone 
concentration buildup during the steady-state cycle. 
4.4.3.4. Mold Reduction Effect of the Semi-Continuous Counterflow 
Ozonation Treatment System 
Mold reduction was quantified for each of the grain layers treated for the full 
cycle and related to its cumulative CTP (Figure 4-10). In the previous trials at NEPAC in 
August 2007 and the Diener Farm in July 2008, the effect on mold reduction was not 
quantified due to the lack of ozone producing capacity of the generator.  In this trial mold 
was quantified before and after treatment. The range of cumulative CTP for each full 
cycle treated grain layer was between 340 to 565 ppm-h and 425 ppm-h on average. 
In seven out of 16 samples (44% of the samples), mold reduction was greater than 
50% (53% to 80%) and in five samples less than 50% (4 to 34%). In three samples mold 
growth increased after treatment. No explanation was found for this result, except that the 
samples could have been contaminated during sampling or during mold growth testing in 
the laboratory. For each maize sample taken during treatment, the smell of ozone was 
present with a stronger smell from the samples taken during the first two cycles. This 
would require additional aeration of the treated maize after transfer to a storage bin. Due 
to the variation of the cumulative CTP at each grain layer, no relationship was found 
between the CTP and the percentage of mold reduction. Additional experimental trials 
are needed to better quantify the effect of semi-continuous ozonation treatment on odor 
removal, mold reduction and insect control. However, without access to higher capacity 
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Figure 4-10. Mold reduction during semi-continuous ozonation treatment of 220 tonnes 
of maize at the Diener Farm in April 2009 trial. 
4.4.4. Engineering Parameters for Commercial Applications 
There are several challenges and limitations for semi-continuous ozonation 
treatment systems that need to be addressed to scale them up for commercial application. 
4.4.4.1. Airflow Distribution and Resistance 
Ozone molecules have a molecular weight heavier than air; therefore, ozone gas 
has the tendency to settle near the ground. During semi-continuous ozonation treatment, 
the movement of ozone produced by the generator and introduced into the base or plenum 
of the bin requires the use of forced air to aid the ozone molecules to pass through the 
grain bin floor into each layer of the grain mass to achieve the desired effect. Each grain 
layer depth represents approximately the amount of grain the unloading sweep auger 
removes during a full rotation around the bin. Therefore, based on this principle the 
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forced air produced by the grain bin’s fans needs to move and distribute the ozone 
uniformly through the grain mass, especially in the bottom layer. The primary 
engineering challenges for scale-up of this treatment system are: (1) to overcome the 
airflow resistance factors that can increase the pressure drop and can cause non-uniform 
airflow distribution, and (2) to provide the system with enough air for ozone to have a 
minimum air velocity of 0.03 m/s for optimal ozone concentration treatment (Mendez et 
al., 2003).  
Additionally, several factors will produce resistance that will cause the airflow to 
lose energy due to friction, turbulence and non-uniform distribution. The airflow 
resistance factors that need to be taken into account  in order to meet minimum air 
velocity requirements are kernel characteristics (shape and size), grain depth (constant 
grain mass), bulk density (or porosity) of the treated grain, effect of bin filling method 
during loading, effect of grain moisture content, and effect of fine material presence in 
the grain mass (Brooker et al., 1992). Some of the actions of these airflow resistance 
factors overlap. At the same time, the treated grain bin should have a good perforated 
floor or air distribution ducts in order to move the air properly from the plenum to the top 
of the grain surface. The description for airflow resistance factors are the following:  
 Airflow Resistance: Airflow resistance will produce a pressure drop that will slow 
down the intended air velocity inside the grain mass caused by a pressure drop 
related to the treated grain shape and size, porosity, and grain bed depth. In the 
semi-continuous counter-flow ozonation system, the overall goal is to maintain 
the targeted ozone concentration in the bottom grain layer of the treated bin 
during its three phases: (1) ozone concentration buildup, (2) steady state at 
maximum concentration, and (3) concentration decrease due to unloading. Since 
the ozone mass flow is steady throughout the process, the only variable to 
maintain the ozone concentration during the three phases of the treatment is 
through the control of the airflow rate. Therefore, a decrease in airflow rate due to 
resistance will affect the ozone concentration through the three phases affecting 
the overall performance of the treatment. 
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 Bed depth: The size of the grain bed depth (treated constant grain mass) will 
cause airflow resistance inside a grain bin. It is fact that an increase in bed depth 
will increase the pressure drop produced by airflow (Brooker et al., 1992: Garg, 
2005). The semi-continuous system allows for treating grain in a shallower depth 
(grain layer of 0.15 to 0.30 m), but minimum air velocity requirements and low 
pressure drop need to be considered for the bottom grain layer where the ozone 
concentration is higher during the treatment process. 
 Bulk density or porosity: The bulk density needs to be quantified for the treated 
grain in order to avoid any possible increasing values caused by fine material and 
broken kernels. A decrease in the void spaces between the kernels causes a 
decrease in treatment effect because ozone will need to react with more biological 
material present in the grain mass besides the treated whole kernels. 
 Effect of filling method during loading a grain bin: An uneven grain surface will 
cause the airflow and ozone to move to the periphery of the grain bin producing 
non-uniform airflow distribution and causing an underexposure of the grain to the 
treatment effect in the center of the bin. Proper grain distribution and leveling 
systems (spreaders) need to be utilized on scale-up designs of the treatment 
system.   
 Effect of fine material presence in the grain mass: The effect of fine material 
presence in the grain mass will cause an increase in grain mass bulk density. This 
causes an increase in airflow resistance and results in non-uniform airflow 
distribution of ozone and increase in biological material for ozone to react with. 
Therefore, a pre-cleaning step may need to be included to remove any possible 
fine material or broken kernels.  
4.4.4.2. Ozone Producing Capacity 
The current commercially available ozone generators used for stored product 
control have a maximum producing capacity of 1,000 g/h. The challenge for scale-up of 
the semi-continuous ozonation treatment system is to have higher producing capacity 
89 
 
generators available such as a 4,000 g/h prototype that was built by O3Co, in order for 
the process to reach an accumulative average CTP higher than 425 ppm-h in each treated 
grain layer. Laboratory and field ozonation trials for ozone treatment have concluded that 
a minimum CTP of 3,600 ppm-h is needed for insect control and mold reduction, and a 
estimated1,800 ppm-h for off-odor removal (which has not been fully proven yet). Also, 
a proper verification procedure is needed to measure the actual capacity of the ozone 
generator to produce ozone at a constant flow. The calculations in this chapter were made 
based on a generator’s theoretical capacity that might differ due to the ambient and 
working conditions of the ozone generator. 
4.4.4.3. Automatic Control and Monitoring System: 
The three field demonstrations of the semi-continuous treatment system trials 
were controlled and monitored manually by an on-site operator. Therefore, an adequate 
automatic control system needs to be designed based on reliable and accurate ozone 
monitoring equipment. The control system should activate each of the three phases of the 
system as follow: 
a. Ozone concentration buildup control by monitoring the ozone concentration until 
it reaches the established maximum level or it becomes steady through a specific 
period of time. 
b. Steady-state at maximum concentration will be controlled using a timer delay 
switch that will activate the next phase after the established steady-state time has 
been reached, i.e., 60 to 120 minutes. 
c. Unloading of treated grain layer will be activated after the steady-state time has 
been met and controlled using another time delay switch that will stop the 
unloading once the treated grain layer has exited the grain bin. The ozone 
monitoring equipment needs to measure the concentration in order to allow the 
next ozone build-up phase for the next grain layer to be treated at the bottom of 
the grain bin.  
Additionally, the system needs an automatic controller for the airflow rate if a variable 
frequency drive is used in the system. This controller will increase or decrease the airflow 
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produced by the fan by modifying its rotational speed when an increase or decrease of 
ozone is necessary in order to reach the targeted CTP during the buildup and steady state 
phase. It will also reduce the ozone leakage during the treated grain unloading phase by 
increasing the airflow rate so all the ozone is pushed up into the grain mass and not 
exhausted with the exiting treated grain through the unloading auger system. 
4.4.4.4. Environmental and Equipment Condition Concerns 
The grain bin and its unloading sweep auger are made of metal alloys; therefore, 
constant use of this system can cause an overexposure to ozone of the metal parts causing 
them to corrode and deteriorate.  Also, the system and grain bin should be designed or 
modified to avoid ozone leakage to the environment which can cause health hazards for 
animals and humans. Proper sealing of a grain bin’s plenum either temporary or 
permanent will avoid possible leakages. 
4.5. Conclusions 
Overall, the results for the semi-continuous counterflow treatment system trials 
showed that grain can be successfully ozonated at a rate approximately two to five times 
faster than in fixed-bed systems based on how much faster CTP can be accumulated.  The 
specific conclusions of this study are: 
 The control of the semi-continuous ozonation treatment system is based on three 
key variables of airflow, ozone mass flow, and exposure time. In all three 
treatment trials, airflow helped maintain the targeted ozone concentration in the 
bottom grain layer. Ozone mas flow was not controlled because the ozone 
generators worked at their full capacity. The exposure time was manipulated by 
increasing the steady-state time because the loading and unloading speed of the 
Shivvers system was fixed in all three trials. 
 For all treatment trials, the maximum average cumulative CTP of 425 ppm-h was 
reached at the Diener Farm April 2009 trial due to the usage of a higher ozone 
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producing generator (OzoBlast) with 41% of the treatment effect obtained from 
the ozone concentration buildup in the bottom grain layer. 
 The exposure time for each treated layer through the system was 500 minutes (8 
hours and 20 minutes) based on the treatment time of each cycle of 100 minutes 
(40 minutes loading and unloading grain and 60 minutes steady-state) at each of 
the five layers of the grain mass. 
 The theoretical ozone concentration calculation results for all trials showed a 
substantial difference compared to the measured ozone concentration. The 
measured ozone concentration was 10 to 20% and  42 to 64% the value of the 
theoretical ozone concentration calculated at the Diener Farm July 2008 trial and 
Diener Farm April 2009 trial, respectively.   
 At the Diener Farm April 2009 trial, mold was effectively reduced more than 50% 
in seven of the 16 treated grain layers with an average range of cumulative CTP 
between 340 to 565 ppm-h.  
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CHAPTER 5. CONTINUOUS FLOW OZONATION SYSTEM 
This chapter is divided in two sections with the first one containing the published 
manuscript developed for the experimental trials of the continuous flow treatment trial 
performed between June and August 2009. These experimental trials were performed in 
conjunction with other researchers, i.e., Dr. Charles Woloshuk from the Department of 
Plant Pathology and Marissa McDonough at the time a Ph.D student during the trials 
from the Department of Entomology, Purdue University, and in collaboration with Dr. 
Adrian Denvir and research staff from Lynntech (College Station, TX). The manuscript 
was published in the Journal of Stored Products Research (McDonough et al., 2011). This 
section was modified to fit the dissertation format, therefore it has some slight differences 
from the published manuscript.  
The second section is an addendum that contains the design parameters and 
calculations developed in order to perform the continuous flow ozonation treatment and 










Part 1. Manuscript: Ozone Application in a Modified Screw Conveyor to Treat 
Grain for Insect Pests Fungal Contaminants, and Mycotoxins 
5.1. Abstract 
Recent efforts have focused on improving the application of ozone technology as 
a pest management tool for stored grain.  This study evaluated the efficacy of a modified 
screw conveyor to treat grain with ozone in a continuous-flow system. The ozone 
concentration delivered into the screw conveyor was 47,800 ppm and the average 
retention time for a maize kernel moving through the system was 1.8 min.  Under these 
conditions, 100% mortality of adult red flour beetle (Tribolium castaneum (Herbst)) and 
adult maize weevil (Sitophilus zeamais (Motsch)) was achieved after three passes through 
the screw conveyor, which equated to a concentration-time product (CTP) value of 
258,120 ppm-min.  The potential effectiveness of the continuous treatment to reduce 
mold on the surface of corn kernels was also explored.  Aspergillus flavus counts were 
reduced by 96% in a single pass through the screw conveyor.  Three passes through the 
screw conveyor reduced the mold count by more than 2-log units.  Ozone treatment also 
reduced aflatoxin applied to the grain; however, the reduction was not sufficient enough 
to be of commercial value.  The results of this study provide valuable information for 
estimating the parameters needed for effectively treating grain in a commercial scale 
continuous-flow treatment system.   
5.2. Introduction 
As a strong oxidizing agent, ozone (O3) is produced for beneficial uses such as 
water purification and odor mitigation (Franken 2005). The US Food and Drug 
Administration (FDA) declared ozone safe for bottled water in the United States and as a 
secondary direct food additive (Sopher et al. 2009).  In agriculture, water that is used as a 
post-harvest wash for fresh fruits and vegetables is often treated with ozone (Sopher et 
al., 2009; Kim et al., 1999; Achen and Yousef, 2001).  Gaseous-ozone treatments are 
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used in storage to reduce the buildup of volatiles, such as ethylene, which promote 
unwanted fruit ripening, and reduce the spread of fungi (Skog and Chu, 2001).  
Although commercial usage of ozone for grain management is not well 
documented, there are numerous studies that describe the potential benefits for the 
technology (Tiwari et al., 2010).  Ozone concentrations and exposure times have been 
established for killing stored grain insects such as Tribolium castaneum (Herbst), 
Ryzopertha dominica, Oryzaephilus surinamensis (Linnaeus), Sitophilus oryzae (L), 
Sitpophilus zeamais (Motsch), Ephestia elutella, Ephestia kuehniella (Zeller), Tribolium 
confusum (du Val), and Plodia interpunctella (Hübner) (Kells et al., 2001; Leesch, 2003; 
Zhanggui et al., 2003; Işikber and Öztekin, 2009; Tiwari et al., 2010). As high as 3-log 
reduction in microbes associated with stored grain have been achieved with ozone 
treatments as well as significant reductions in mycotoxin levels (Tiwari et al., 2010).  
Furthermore, investigations on ozone-treated grain indicate that ozone does not impact 
the intrinsic quality of the grain (Mendez et al., 2003; Dubois et al., 2006). 
 Previous studies that have examined ozone concentrations of less than 100 ppm 
indicate that long treatment times are needed to manage insects and fungi in stored grain.  
Because ozone is highly reactive, it decays rapidly when it contacts grain.  Kells et al. 
(2001) observed that there were two characteristic phases of ozone’s interaction with 
grain.  During phase one, ozone rapidly degrade as it encounters grain for the first time 
and as a result moved relatively slower through the grain mass.  Once the ozone has 
neutralized the surface components responsible for the degradation, the second phase 
begins in which the ozone flows freely with considerably less degradation. Once phase 
two is reached the grain will remain in that condition even after the ozone treatment is 
stopped (Kells et al., 2001).  Hardin et al. (2010) referred to the decline in ozone decay 
rate as the “passivation period”.  Once “passivated” (phase two), ozone degradation in the 
grain approaches first order kinetics (Hardin et al., 2010). 
 
 The objective of this study was to evaluate the efficacy of a modified screw 
conveyor to treat grain with ozone in a continuous-flow system. Because the 
concentrations inside the screw conveyor approached more than 100 times those 
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previously attained during fixed bed treatments (Kells et al,. 2001; Mendez et al., 2003; 
Zhanggui et al., 2003; Işikber and Öztekin 2009; Hardin et al., 2010, and Dillhon et al., 
2010), we hypothesized that this continuous-flow system would facilitate ozone treatment 
at a faster rate resulting in much shorter exposure times required to achieve effective 
results.  We present results that establish the conditions for 100% mortality of adult T. 
castaneum and S. zeamais in the screw conveyor system.  We discuss the parameters and 
modifications to the system that are likely necessary to achieve commercial scale 
application.  We also explore the potential effectiveness of the continuous-flow treatment 
to reduce mold on the surface of maize kernels and to reduce aflatoxin contamination.   
5.3. Methods and Materials 
5.3.1. Screw Conveyor Design 
The screw conveyor used in this study was designed for continuous flow 
ozonation by LynnTech (College Station, TX), USA (Figure 6-1). The conveyor was 
made from stainless steel (SAE grade 316) with a length of 6.4mand a diameter of 10.2 
cm. The internal shaft length was 6.4m, with a diameter of 3.8 cm and a pitch of 10.2 cm. 
Attached at the base of the screw conveyor was a hopper with a 22.7 kg capacity used to 
feed grain into the system. At the exit of the screw conveyor was a drop shoot made of 
10.2 cm PVC pipe ending in a collection bucket covered with a carbon fiber filter to 
destroy any ozone exiting the system. Ozone was added into the screw conveyor from a 
manifold that ran along the length of the screw conveyor with six injection points. A 
variable speed motor (Maraton Electric, Wausau, WI, USA) was used to control the 
rotational speed of the screw conveyor. Throughout the study, the conveyor was set at a 





Figure 5-1. Photograph showing the screw conveyor system, ozone generator (OzoBlast) 
and power generator.  
5.3.2. Ozone Production 
The ozone was produced by a four chamber, corona discharge generator OzoBlast 
manufactured by O3Co. (Aberdeen, ID, USA) with a measured capacity for producing 
660 g of ozone/h. The OzoBlast was powered by a 56 kW diesel-powered generator. 
Ozone was fed from each of the four chambers through Teflon® tubing (2.54 cm inside 
diameter, ID) to a single tube (3.81 cm ID) that directed the ozone to the distribution 
manifold on the screw conveyor. A solenoid valve was attached in-line to redirect the 
ozone flow to an ozone-destruct system when necessary. Ozone concentration at the 
screw conveyor distribution manifold was measured with an H1 ozone monitor (IN USA 
Inc, Boston, MA, USA). To test the effect of humidified ozone, the ozone was bubbled 
through a 76 L stainless steel tank containing approximately 11 L of water prior to 
entering the distribution manifold. The amount of water vapor in the gas flowing into the 




Tribolium castaneum colonies were maintained on growth media consisting of 
90% flour/10% Brewer’s yeast and S. zeamais colonies were grown on whole kernel 
maize and kept in environmental chambers at 30 ºC, 60% RH with a light/dark cycle of 
14:10. 
For testing, ten adult insects were placed into nylon mesh bags (3.81 cm x 2.22 cm, 16 
x16 per cm
2
; 94 mm thread diameter; Figure 6-2) and held for 24 - 48 h prior to starting 
experiments. Five bags of each species were mixed into 15.9 kg maize and dumped into 
the screw conveyor hopper. After each treatment, the number of active insects was scored 
and their coordination was assessed. All insect samples were held under colony 
conditions for 24 h post-treatment, at which time the insects were scored as either alive or 
dead. Dead insects were examined with a stereoscope to determine whether death was 
due to crushing. Treatment mortality data were corrected to account for control mortality 
with an adjusted Abbott’s formula described by Rosenheim and Hoy (1989) (in 
Subramanyam and Hagstrum, 1996). A t-test was performed (α = 0.05) to compare the 
wet versus dry ozone treatments and the number of passes through the conveyor of 
ozonated versus non-ozonated air treated maize. The dry ozone data were analyzed for 
treatment differences (α = 0.05) using analysis of variance (ANOVA) and Fisher’s least 






Figure 5-2. Insect bags containing Sitophilus zeamais (left) and Tribolium casteneum 
(right). 
5.3.4. Fungi 
To determine the number of colony forming units (CFU) on the grain surface, 25 
g of maize was added to 50 ml of 0.05% Triton X-100 solution and mixed for 2 min. The 
wash was serially diluted and plated onto malt salt medium (2% malt extract, 6%NaCl, 
and 1.5% agar). Plates were incubated at 28 °C for 3 - 5 d. The natural population of 
fungi on the surface of the maize used in this study was 100 colonies per gram of maize. 
To increase the fungal count, 100 ml of a spore suspension (3.4 x 10
6
/ml) of Aspergillus 
flavus strain NRRL3357 was sprayed onto 15.9 kg of maize that was spread in a thin 
layer on a plastic sheet. For each treatment, 15.9 kg of maize was tested and three 
samples were collected for CFU determination before and after the treatment. Each 
treatment was replicated three times. A t-test was performed (α = 0.05, 2 tails, unequal 
variance) to compare the wet versus dry ozone treatments and the number of passes 
through the conveyor of ozonated versus non-ozonated air treated maize. Aspergillus 
flavus was grown on autoclaved cracked maize for 10 d at 28 ºC, and aflatoxin was 
extracted from the maize with acetone. 
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After filtration, the acetone extract was reduced in volume and the aflatoxin was 
partitioned into chloroform. The chloroform was evaporated, the residue dissolved in 
acetone, and aflatoxin analyzed by thin layer chromatography (TLC) (K5 silica gel; 
Whatman, Piscataway, NJ, USA). The TLC plates were developed in ether/methanol/ 
water (96:3:1) and digitally photographed under UV. Density values were obtained from 
the images with ImageJ (National Institute of Health, USA; http://rsb.info.nih.gov/ij). 
Quantification was based on comparison with aflatoxin B1 standards that were included 
on each TLC plate. The acetone solution containing aflatoxin was sprayed onto 31.8 kg 
of maize. The grain was thoroughly mixed and split into two batches of 15.9 kg each. 
Samples were collected after each passage through the screw conveyor with ozonated and 
non-ozonated air treatments. Samples (25 g) were extracted with 50 ml of acetone for 1 
min. Extracts were concentrated by evaporation and analyzed by TLC. Samples (500 g) 
were analyzed by the toxicology laboratories at the Animal Disease and Diagnostic 
Laboratory (Purdue University, West Lafayette, IN, USA) and the Veterinary Medical 
Diagnostic Laboratory (University of Missouri, Columbia, MO, USA). 
5.4. Results 
5.4.1. Operating Data 
Due to the high capacity of the ozone generator and the fact that the maximum 
ozone level measurable with the monitoring device was 25,000 ppm, total ozone output 
from the ozone generator was calculated by adding the measurement of the ozone 
produced by the individual chambers on the generator. Based on these calculations, the 
ozone concentration entering the screw conveyor manifold was 47,800 ppm. 
Measurements of ozone concentrations at the six injection points indicated that 
essentially all the gas entered the first injection point. The reason for the non-uniform air 
flow was not determined but was most likely due to the design of the manifold which did 
not allow airflow regulation at each injection point. Decay of ozone within the conveyor, 
caused by the mixing effects, was not determined. Atmospheric conditions during the 
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tests were sunny skies, temperature between 25 and 30 °C, and relative humidity between 
55 and 59%.  
Residence time of the maize in the conveyor was determined by measuring the 
time for the first kernels introduced into the screw conveyor to exit the system. At the 
rotational speed of 28 rpm used in this study, the average residence time was 1.8 min. At 
this rate an entire 15.9 kg sample of maize took 6 min and 10 s (± 4 s) to pass through the 
treatment system for a feed rate of 220 kg/h. To achieve longer exposure times, samples 
were passed through the screw conveyor multiple times. 
The cost of passing the screw conveyor system and the ozone treatment was 
estimated based on power consumption. The screw conveyor system running at an angle 
of 35º and rotating at 28 rpm drew a maximum load of 20 amps at 220 V. The OzoBlast 
drew a maximum load of 100 amps at 220 V. Total power consumption for the treatment 
system at maximum load was 36.1 kW (32.35 kW for the OzoBlast and 3.74 kW for the 
screw conveyor). As a result, the total electricity cost for running the equipment at 
maximum load was $3.98/h based on an electricity rate of $0.11/kWh. 
5.4.2. Effect of Humidified Ozone 
One question addressed in this study whether humidified ozone is more effective 
than dry ozone. The screw conveyer system had a 76 L tank designed for adding moisture 
to the ozone stream by simply bubbling the ozone through the tank. The amount of water 
vapor in the gas flowing into the manifold was not determined. For both humidified and 
dry ozone treatments, 100% insect mortality of S. zeamais and T. castaneum was 
achieved after three passes through the screw conveyor with an exposure time of about 
5.4 min (Table 6-1). Statistical analysis indicated no significant difference (P > 0.05) 
between humidified and dry ozone treatments. Significant differences (P < 0.05) were 
observed between the ozone treatments and their respective controls (no ozone) (Table 6-
1). Total mortality for T. castaneum and S. zeamais with the non-ozone (air) treatment 
was less than 20% and 33%, respectively.  
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Table 5-1. Effect of dry and humidified ozone on mortality of Tribolium casteneum and 
Sitophilus zeamais. Maize containing adult insects was exposed to 0 and 47,800 ppm 
ozone for three passes through the screw conveyor. 
 Humidified Ozone Dry Ozone 
Insect Air Ozone Air Ozone 
S. zeamais 27 ± 0.5
a
 100 ± 0 33 ± 6 100 ± 0 
T. castaneum 18 ± 0.9 100 ± 0 17 ± 0.3 100 ± 0 
a Values are the means of three replicates (± SE). 
 
The effect of humidified ozone on the viability of fungi on the kernel surface was 
similar to the effect shown on the insects (Table 5-2). Prior to entering the screw 
conveyor, the fungal colonies washed from the maize surface were greater than 104 
CFU/g of maize. Three passes through the screw conveyor without ozone resulted in a 
78% reduction of CFU for humidified air and 83% for dry air (Table 5-2). When ozone 
was applied to the screw conveyor system, a 99% reduction in CFU was observed for 
humidified ozone and 97% reduction for dry ozone. Based on these results with mold 
reduction and insect mortality, all other experiments were conducted with dry ozone only. 
Table 5-2. Effect of dry and humidified ozone on fungi on surface of maize kernels. 
Treatment
a
 CFU Before Treatment
b 
CFU After Treatment 
Dry Air 11,777 2,022 
Humidified Air 15,844 3,688 
Dry Ozone 10,622 68 
Humidified Ozone 11,646 6 
a Each treatment was three replicates of 15.9 kg of maize passed through the screw conveyor three times. 








5.4.3. Effect of Exposure Time 
The effect of exposure time was studied by evaluations made after each pass 
through the screw conveyor system. After one pass through the screw conveyor (1.8 
min), mortality of S. zeamais and T. castaneum was 64 ± 9% and 79 ± 9%, respectively, 




Figure 5-3a. Mortality of Tribolium castaneum exposed to air and ozone at 47,800 ppm in 
a screw conveyor. Maize samples containing insects in mesh bags were passed through 
the screw conveyor 1, 2, or 3 times. Insect mortality was measured after each passage. 
Values are the means of three replicates (±SE). Differences are between insects and their 




Figure 5-3b. Mortality of Sitophilus zeamais exposed to air and ozone at 47,800 ppm in a 
screw conveyor. Maize samples containing insects in mesh bags were passed through the 
screw conveyor 1, 2, or 3 times. Insect mortality was measured after each passage. 
Values are the means of three replicates (±SE). Differences are between insects and their 
controls (LSD, α =0.05). ANOVA: S. zeamais: df = 44, F = 8.45, P = 0.0008. 
Visual inspection revealed that ozone-treated T. castaneum appeared to have 
better movement and coordination than S. zeamais. After a second pass through the screw 
conveyor, mortality in the non-ozone (air) treatment increased three-fold for S. zeamais 
and less than two-fold for T. castaneum. Immediately after two passes of ozone 
treatment, none of the insects were moving. After a 24 h recovery time, the mortality of 
S. zeamais was 82% and 57% for T. castaneum. Three passes through the screw conveyor 
system with ozone resulted in 100% insect mortality. Mortality with the non-ozone (air) 
treatment also increased with the third pass through the screw conveyor. The number of 
crushed insects was about 3% per passage through the screw conveyer, except for T. 
castaneum, which had 29% crushed insects after three passages.  
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A single pass through the screw conveyor with ozone reduced fungal CFU/g of 
maize by over one log unit (Figure 5-4). In contrast, the non-ozone (air) treatment only 
reduced the population by 52%. After a second pass, the CFU/g of maize was reduced 1.7 
log-units compared to the non-ozone (air) treatment. After a third pass through the screw 
conveyor, CFU/g of maize was reduced by 2 log-units.  
The effect of ozone treatment on aflatoxin-contaminated maize revealed that total 
aflatoxin was reduced to 5.7 and 3.1 mg aflatoxin/kg of maize compared to 17.6 and 15.7 
µg aflatoxin/kg of non-ozone (air) treated maize in the two samples sent to the two 
laboratories. This indicated a reduction of aflatoxin by 20 - 30% due to ozone treatment. 
 























Figure 5-4. Survival of grain fungi exposed to air and ozone at 47,800 ppm in a screw 
conveyor. Fungi were washed from maize and colony forming units (CFU) were 
determined by serial dilution plating. Error bars represent the standard error of the mean 




The CTP value is the product of the ozone concentration multiplied by the amount 
of exposure time needed to attain a desired treatment effect. It is commonly applied in 
water treatment systems to development models for the inactivation of microbes with 
ozone (Clark et al., 2002). To date, no peer-reviewed CTP models have been established 
for ozone treatment of insects, fungi, or mycotoxins in grain, although a number of 
studies have generated a broad range of CTP value. McDonough et al. (in press) 
calculated CTP values for ozone treatment of insects in an isolated chamber environment 
but not in grain. McClurkin and Maier (2010) attempted to model the CTP values for 
reducing fungi on maize but failed to achieve good correlation with their data. We used 
calculated CTP values to compare our results to those in previously published research. 
We recognize that beyond general trends related to treatment time and ozone 
concentrations, specific CTP values for ozone treatment of grain under many conditions 
have not been established. Strait (1998) established the basis for fixed bed treatment 
system. Kells et al. (2001) treated grain with a fixed bed system that delivered 50 ppm 
ozone into the top of a grain bin. These authors observed 92 to 100% mortality rates and 
CTP values of 216,000 ppm-min for adult T. castaneum and S. zeamais (92.2% and 
100% respectively). In the current study, the same two insect species were all killed by 
three passes through the screw conveyor for a cumulative CTP value of 258,120 ppm-
min. Similar CTP values were also obtained with insects treated in grain-free chambers 
(McDonough et al., in press). Sousa et al. (2008) also achieved 95% mortality of adult T. 
castaneum with a treatment between 23.35 h and 31.98 h with 150 ppm ozone (CTP = 
210,150 ppm-min and 287,820 ppm-min, respectively). Zhanggui et al. (2003) observed 
82% mortality of adult T. castaneum at a CT value of 201,600 ppm-min while 100% 
mortality was obtained with a CT value of 360,000 ppm-min. For S. zeamais, de Sousa et 
al. (2006) achieved 100% mortality with a cumulative CTP value of 144,000 ppm-min, 
and for Zhanggui et al. (2003) the CT was 201,600 ppm-min for 100% mortality. 
Considering the similar CTP values for these previous studies, the screw conveyor 
system had no apparent impact on the intrinsic interactions between the ozone and the 
insects. Not considered in these studies are the CTP values needed to kill eggs and pupal 
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stages. Laboratory studies indicate that eggs and pupae are more resistant than adults with 
CTP values of 324,000 ppm-min needed for 100% mortality (McDonough et al., in 
press). Therefore, effective treatments to kill all life forms may require longer treatment 
times and/or higher ozone concentrations. 
Gaseous ozone has been reported to reduce the population of fungi on the surface 
of grain. In a fixed bed treatment, Kells et al. (2001) tested the effects 50 ppm ozone on 
the survival of Aspergillus parasiticus on maize kernels. After three days of treatment, 
they observed a 63% reduction in the fungus. Raila et al. (2006) determined a reduction 
of surface fungi on wheat by nearly 30% when treated with 700 ppm ozone for 25 h. Wu 
et al. (2006) treated wheat in a small laboratory vessel with approximately 6000 ppm 
ozone. The authors reported a 70% reduction in survival of fungi on the wheat after a 5 
min treatment when the water activity was 0.8 aw. Increasing the moisture conditions to 
0.9 aw resulted in 97% reduction. In the study by Raila et al. (2006), essentially no 
difference was observed between moisture contents of 15.2% and 22%. In our study, we 
reduced the mold count by 96% in a single pass through the screw conveyor during 1.8 
min with an ozone concentration nearly 8 times that used by Wu et al. (2006). Our 
attempt to humidify the ozone by bubbling the gas through a water tank did not provide 
the increased effectiveness observed by Wu et al. (2006). Unlike the insect experiments, 
CTP values do not appear consistent for the mold reduction experiments, likely due to 
temperature, moisture, and species differences in sensitivity to ozone (Wu et al., 2006; 
Zorlugenic et al., 2008). 
Although we did measure a reduction of aflatoxin that had been applied to the 
kernel surface, we predict that ozone concentrations needed to effectively degrade 
aflatoxin in whole grain would need to be much higher than were attainable in this study. 
Prudente and King (2002) were able to reduce the aflatoxin level in maize by 92% with a 
96 h treatment with about 113,000 ppm ozone (CTP = 650,880,000 ppm-min). Akbas and 
Ozdemir (2006) reported that it required a 420 h treatment of 3200 ppm ozone 
(CTP = 80,640,000 ppm-min) to reduce aflatoxin in pistachios by 12.5%. Thus, for the 
purposes of aflatoxin decontamination, a fixed bed, batch treatment system would likely 
need to be used to achieve the larger CTP values that are required. 
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Treating grain in a screw conveyor allows for a faster rate of ozone application to 
kernels than fixed bed ozonation, which requires more time to reach effective 
concentrations through the grain mass. The auger system provides for entrainment of the 
ozonated air and mixing with the grain compared to fixed bed ozonation. In this study, 
we established that very high ozone concentrations and relatively short treatment times 
can result in desirable outcomes with a screw conveyor system. With these high 
concentrations, the time needed to kill stored product insects and fungi was greatly 
reduced compared to times previously reported. However, no practical reduction was 
observed in the CT values needed to achieve 100% mortality of the insects tested. As a 
result, scaling up the treatment to on farm parameters will be challenging. To treat maize 
in a screw conveyor with a diameter of 10.2 cm at a typical handling rate of 200 - 300 
bu/h, the ozone generator would need a capacity of 9,778 and 14,666 g of ozone/h, 
respectively, which is about five times greater than the 2000 g/h ozone generator 
currently available commercially. Increasing the length of the auger would be an 
alternative approach; however the auger would need to be longer than 30 m. Further 
research is needed to determine if treating grain with the auger system during bin filling 
would shorten the time needed to achieve passivation for subsequent in-bin ozone 
treatments. It is also important to determine whether other gases could be mixed with the 
ozone to shorten the treatment times. 
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Part 2. Addendum: Design Parameters for Developing the Continuous Flow 
Ozonation Treatment System 
5.8. Introduction 
The purpose of this section is to provide the information and data that was used to 
develop the concept and effectiveness of a continuous flow ozonation treatment system 
that will result in a faster treatment time compared to the current fixed bed and semi-
continuous counterflow ozonation treatment systems for insect control, mold and 
mycotoxin reduction. The pilot scale continuous flow ozonation system involved 
applying high ozone concentrations through an inlet tube connected to a distribution 
manifold that was attached to a modified screw conveyor (Figure 5-6) to treat grain at a 
constant rate of of 7.95 kg per minute (19 bu/h). The grain was moving in the same 
direction as the ozone flow. The treated grain at the end of the screw conveyor fell 
through a flow-directed pipe into a receiving chamber. The ozone concentration was 
maintained to achieve the desired concentration-time product for insect mortality, mold 






Figure 5-5. Schematic of modified screw conveyor with adapted inlet holding tank and 
ozone inlet manufactured by Lynntech, College Station, TX. 
5.9. Materials and Methods 
The pilot scale-up experimental trials for the continuous flow ozonation system 
were conducted with conventional yellow maize at the Post-Harvest Education and 
Research Center (PHERC) at Purdue University’s Agronomy Center for Research and 
Education located in West Lafayette, IN in July and August 2009.  
5.9.1. Continuous Flow Ozonation Treatment System Design Variables 
The continuous flow ozonation system was designed as a modified grain loading 
screw conveyor (Figure 5-7) by Lynntech (College Station, TX). In order to prove the 
concept of a continuous flow ozonation process, it was determined that the key variables 





treatment and ozone mass flow that resulted in the target ozone concentration based on 
the conveyor chamber volume. 
 
 
Figure 5-6. Modified grain loading screw conveyor with adapted equipment 
manufactured by Lynntech, College Station, TX. 
The residence time of the grain during treatment was controlled by the rotational 
speed of the auger which was controlled by a variable frequency drive (VFD) connected 
to the motor. The residence time is defined as the time it took the first kernel introduced 
into the auger to come out at the other end after it had been treated with ozone. The 
slowest rotational speed of the auger allowed by the system was 28 rpm which resulted in 
a residence time between 100 and 120 seconds. Therefore, to increase the residence or 
exposure time of the grain being treated inside the modified screw conveyor, batches of 
grain were re-introduced several times into the conveyor to achieve the desired treatment 
time.  
The ozone mass flow was controlled by the ozone producing generator. 
Therefore, the ozone concentration was directly related to the ozone mass flow and the 
chamber’s volume where it was applied. There is no current precise and safe method to 
control this variable. The only two possible ways are by shutting down one chamber of 
116 
 
the ozone generator or to bleed off ozone into another sealed chamber. This wastes 
ozone, resulting in a waste of energy and possible hazard problems because ozone has 
strong oxidizing properties.  
The exposure or residence time of the grain to ozone was controlled by 
determining the CTP as a function of the ozone concentration inside the auger needed for 
the desired treatment effect (fungi sterilization or insect mortality). The desired CTP has 
to be maintained consistently inside the conveyor because grain is constantly flowing in 
the same direction as ozone. 
5.9.2. Continuous Flow Ozonation Treatment System Design Characteristics 
 The continuous ozonation grain treatment system was set up utilizing a modified 
screw conveyor manufactured by Lynntech (College Station, TX). The modified screw 
conveyor had a length of 6.3 m (21 ft), a diameter of 0.102 m (4 in) and was fabricated 
using 316 stainless steel to avoid any potential rusting of the metal which can be caused 
by long exposure to ozone. Other system components included a custom-made inlet 
hopper with a 22.7 kg (50 lb) grain holding capacity to regulate the flow into the screw 
conveyor, an injection manifold (Figure 5-8) to distribute ozone along the modified screw 
conveyor and to monitor ozone concentration, and a 0.746 kW (1 hp) motor 
manufactured by Maraton Electric (Wausau, WI) with inverter and connected through a 
AC drive 120V variable frequency drive manufactured by Allen-Bradley (Milwaukee, 
WI) to control the rotational speed of the screw conveyor. The screw conveyor was set at 





Figure 5-7. Modified loading screw conveyor with custom-made hopper and ozone 
distribution manifold manufactured by Lynntech (College Station, TX). 
The continuous flow ozonation system also had an ozone destruct system (Figure 
5-9) manufactured by Lynntech (College Station, TX) that was connected through a 3-
way solenoid valve from the inlet lines of the ozone generator a head of the ozone 
distribution manifold. The ozone destruct system consisted of a sealed chamber that had a 
carbon fiber filter that removed an oxygen atom from each ozone molecule. The purpose 
of the ozone destruct system was to avoid leaking ozone into the environment when 
ozone was not introduced into the continuous flow ozonation system and its generation 









Figure 5-8. Ozone destruct system connected from the ozone inlet lines to the ozone 
distribution manifold by a 3-way solenoid valve manufactured by Lynntech (College 
Station, TX). 
5.9.3. Ozone Production and Monitoring System 
Ozone was produced by the four quads (16 chamber) generator model OzoBlast 
made by O3Co (Aberdeen, ID). It has a rated capacity of 1,000 g/h of ozone (Figure 5-
10) and an actual capacity of 660 g/h as measured by O3Co personnel before the 




Figure 5-9. Four quad ozone generator model Ozoblast with a rated capacity of 1,000 g/h 
of ozone which was used during the PHERC July and August 2009 trials. 
Ozone was discharged from each of the four chambers out of the generator 
through 2.54 cm (1 in) supply lines that were connected to a 3.81 cm (1 ½ in) line into a 
3-way solenoid valve which directed the ozone to the distribution manifold attached to 
the modified screw conveyor or to the ozone destruct system.  
 Ozone concentration was initially calculated theoretically based on the 
concentration measured by O3Co. personnel for each of the three quads used during the 
trials using a higher ozone concentration analyzer (Figure 5-11) with a monitoring range 
from 0 to 50 g/m
3
 model Ex H1 made by INUSA (Boston, MA). After the trials, the 
ozone output from each quad was confirmed on-site at the distribution manifold using the 






Figure 5-10. Ozone analyzer used to quantify ozone concentration in the modified screw 
conveyor during the PHERC July and August 2009 trials. 
5.9.4. Set-up for Dry and Humidified Ozone Application  
 In the continuous flow ozonation treatment system, a dry ozone application was 
set-up where ozone was introduced into the treatment chamber (modified screw 
conveyor) directly from the ozone generator. It also had a humidified ozone application 
option where ozone after its production from the generator and before it was introduced 
into the treatment chamber was directed into a 20-gallon water tank to absorb moisture 
during the pass. 
5.9.5. Insect Mortality and Mold Reduction Quantification 
The continuous flow ozonation treatment system was tested during two extensive 
trials. Each one consisted of a series of tests for different residence times at the highest 
concentration-time product that could possibly be achieved. The first trial performed was 
a preliminary experiment conducted in July 2009 using humidified and dry ozone. The 
second trial was conducted during August 2009 where only dry ozone was used. For both 
trials, the two measured resulting parameters after treatment were insect mortality and 
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mold reduction. During both trials, aflatoxin reduction tests using the treatment system 
were also conducted. 
For each test, insect mortality was measured using 5 laboratory-made insect 
bioassays (Figure 5-12) for each of the two insect species, i.e., maize weevil (MW) and 
red flour beetle (RFB). Each insect bioassay contained 10 insects. Ten bioassays were 
placed in each 15.9 kg (35 lb) grain batch during treatment and control passes. 
 
Figure 5-11. Laboratory-made insect bioassays for maize weevil (MW) and red flour 
beetle (RFB) used during continuous flow ozonation trials at the PHERC in July and 
August 2009. 
Mold reduction was quantified by measuring the number of colony forming units 
(CFU) before and after treatment of the maize in the continuous flow ozonation system. 
Three 25 g maize samples were collected from each test pass before and after ozone 
treatment for laboratory plating. To determine the number of colony forming units (CFU) 
on the grain surface, each sample of 25 g of maize was added to 50 ml of 0.05% Triton 
X-100 solution and mixed for 2 min.  The wash was serially diluted and plated onto malt 
salt medium (2% malt extract, 6% NaCl, and 1.5% agar).  Plates were incubated at 28˚C 




For the aflatoxin reduction test during the first trial, 31.8 kg of maize was 
contaminated by spraying with 100 ml of an Aspergillus flavus spore suspension (3.2 x 
106 spores/ml). Afterwards, the maize was placed in 5-gallon buckets for incubation. The 
aflatoxin contamination was quantified using laboratory testing described by McDonuogh 
et al. (2011). Aflatoxin was extracted from the maize with acetone, then after filtration, 
the acetone extract was reduced in volume and the aflatoxin was partitioned into 
chloroform. The chloroform was evaporated, the residue dissolved in acetone, and 
aflatoxin analyzed by thin layer chromatography (TLC) (K5 silica gel; Whatman, 
Piscataway, NJ, USA). The TLC plates were developed in ether/methanol/water (96:3:1) 
and digitally photographed under UV. Density values were obtained from the images 
with ImageJ (National Institute of Health, USA; http://rsb.info.nih.gov/ij). Quantification 
was based on comparison with aflatoxin B1 standards that were included on each TLC 
plate. The acetone solution containing aflatoxin was sprayed onto 31.8 kg of maize. The 
grain was thoroughly mixed and split into two batches of 15.9 kg each. Samples were 
collected after each passage through the screw conveyor with ozonated and non-ozonated 
air treatments. Samples (25 g) were extracted with 50 ml of acetone for 1 min. Extracts 
were concentrated by evaporation and analyzed by TLC. Samples (500 g) were analyzed 
by the toxicology laboratories at the Animal Disease and Diagnostic Laboratory (Purdue 
University, West Lafayette, IN, USA) and the Veterinary Medical Diagnostic Laboratory 
(University of Missouri, Columbia, MO, USA). 
5.9.6. Experimental Treatment and Control Procedure 
The treatment and control procedure for the continuous ozonation trials consisted 
of treating 15.9 kg (35 lb) maize samples with the highest possible ozone CTP at a 
constant rate in the modified screw conveyor. After a grain sample was moved through 
the modified screw conveyor, it was collected after falling through a pipe into the 
receiving chamber. Each time a grain batch was moved through the treatment system was 
called a “pass” which had an average residence time of 2 minutes.  
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In the July 2009 trials, each treatment trial for insect mortality and mold reduction 
quantification using humidified and dry ozone were performed randomly with its 
corresponding control runs (Table 5-3).  
Table 5-3. Experimental treatment matrix for first treatment trial of the continuous flow 
ozonation system conducted in July 2009. 
Number of Treatment Type of Treatment Number of Passes Repetitions 
1
 
Humidified Ozone 5 1 
2 Humidified Ozone 3 1 
3 Humidified Ozone 3 2 
4 Humidified Ozone 3 3 
5
 
Humidified Ozone 2 1 
6
 
Dry Ozone 3 1 
7 Dry Ozone 3 2 
8
 
Dry Ozone 3 3 
9
 
Dry Ozone 2 1 
10
 




12 Control 3 2 
13 Control 3 3 
14 Control 3 4 
15 Control 3 5 
16 Control 3 6 
17
 
Control 2 1 
18 Control 2 2 
 
The experimental trials with aflatoxin-contaminated maize were performed with 
one experiment with 4 passes and another with 2 passes using humidified ozone (not 




The matrix (Table 5-4) for the second treatment trial was based on the results 
obtained during the first treatment trial for insect mortality and mold and aflatoxin 
reduction but only applying dry ozone through the system. 
Table 5-4. Experimental treatment matrix for second treatment trial of the continuous 
flow ozonation system conducted in August 2009. 
Number of Treatment Type of Treatment Number of Passes Repetitions 
1 Insect Mortality 2 1 
2 Insect Mortality 2 2 
3 Insect Mortality 1 1 
4 Insect Mortality 1 2 
5 Insect Mortality 1 3 
6 Mold Reduction 3 1 
7 Mold Reduction 3 2 
8 Mold Reduction 3 3 
9 Control 2 1 
10 Control 2 2 
11 Control 1 1 
12 Control 1 2 
13 Control 1 3 
14 Control 3 1 
15 Control 3 2 
16 Control 3 3 
 
One experimental trial with aflatoxin-contaminated maize was performed with 
one experiment with 10 passes using dry ozone and one control with 10 passes (not 




5.10. Results and Discussion  
5.10.1. Ozone Concentration Quantification 
The initial ozone mass flow producing capacity measurements of the OzoBlast 
generator performed by O3Co showed that chamber 1, 2 and 3 had a capacity of 34.9, 
33.3 and 34.2 g/m3, respectively. To determine the ozone concentration values, mass 
flow was converted based on a conversion factor of 1 g of ozone in 1 m3 of air is equal to 
467 parts per million (ppm) of ozone (Ozone Solutions, 2013). This resulted in ozone 
concentrations at the end of the inlet lines from chamber 1, 2 and 3 of 16,298, 15,551, 
and 15,971 ppm, respectively, with a total of 47,820 ppm of ozone flowing into the 
modified screw conveyor. The ozone producing capacity per hour of each chamber was 
calculated by multiplying the ozone mass flow by the airflow used by each chamber to 
move the ozone out of the generator and into the conveyor (application volume). The 
airflow values for chamber 1, 2 and 3 were 3.68, 3.54 and 3.68 m3/h, respectively. 
Therefore, the ozone producing capacity for chamber 1, 2 and 3 was 128, 118 and 126 
g/h, respectively. 
 After the first and second trials, the ozone mass flow producing capacities were 
measured again. For chamber 1, 2 and 3 they resulted in 33.7, 32.2 and 33.7 g/m3, 
respectively. These results varied by 3, 3 and 2.6%, respectively, compared to those 
initially measured by O3Co. These differences were considered negligible and may have 
been due to the difference in the altitudes of the locations (Aberdeen, ID versus West 
Lafayette, IN) and air properties such as temperature and relative humidity.  Also, the 




5.10.2. Concentration-Time Product and Residence Time 
5.10.2.1. First Trial July 2009  
 During the preliminary testing of the system defined as the first treatment trial, the 
average residence time it took a grain sample to move from the bottom of the modified 
screw conveyor to its end was 2 minutes with humidified and dry ozone. Given an ozone 
concentration of 47,820 ppm the CTP for a 2-minute residence time was 95,640 ppm-min 
(47,820 ppm x 2 minutes).   
 Based on research by Mendez et al. (2003), the CTP for 100% insect mortality is 
3,600 ppm-h which equals 216,000 ppm-min. Theoretically, a CTP of 216,000 ppm-min 
is achieved in the continuous flow ozonation system after 4 min and 34 s which occurred 
early in the third pass. Therefore, it was determined that three passes through the system 
was the minimum number of passes to try to achieve 100% insect mortality for the 
humidified and dry ozone applications.  
 The residence times for the three-passes for humidified versus dry ozone showed 
a higher value of 6 minutes and 31 seconds ± 0.10 seconds during dry ozone application 
compared to humidified ozone that had an average of 5 minutes and 30 seconds ± 0.20 
seconds. The control passes for humidified and dry ozone applications showed an 
average residence time of 5 minutes and 21 seconds ± 0.22 seconds and 5 minutes and 31 
seconds ± 0.13 seconds, respectively. The only possible reason for the difference in the 
residence time between the humidified ozone applications versus the dry ozone 
application and the control trials can be that the manual introduction of each bucket full 
of grain into the receiving hopper connected to the modified screw conveyor was done 
slower in the initial runs of the experiments. The slower introduction of the grain into the 
receiving hopper caused the humidified ozone to have its average residence time higher 
than the dry ozone application and control trials.  This difference in residence time did 
not have an effect on the comparison between dry and humidified ozone applications 
because it was based on the percentage of insect mortality. For both humidified and dry 
ozone application trials 100% mortality was achieved for RFB and MW (McDonough et. 
al, 2011). For aflatoxin reduction, the residence time for the four-passes was 8 minutes 
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and 22 seconds, for the two-passes was 4 minutes and 41 seconds and for the single 
control pass was 2 minutes and 50 seconds for half a sample of 7.9 kg (17.5 lb). The 
average residence time for a single pass for aflatoxin reduction had only 5 seconds 
difference with the average residence time for one-pass of the humidified and dry ozone 
trials. These results show that throughout the experimental trials, constant residence times 
were maintained. 
For insect mortality and mold reduction, the CTP obtained based on residence 
time was 263,000 ppm-min and 310,800 ppm-min for humidified and dry ozone, 
respectively. The differences in values were caused due to the differences in average 
residence time between the humidified versus dry ozone trials. 
5.10.2.2. Second Trial August 2009 
Based on the preliminary testing of the system during the first treatment trials 
humidifying ozonated air did not provide any treatment benefit. Thus, only dry ozone 
needed to be used for the second treatment trials. It was also concluded that for insect 
killing only one-pass and two-pass experiments and for mold reduction only three-pass 
experiments were needed to be performed. The average residence time for one-pass 
during all treatment tests (3-pass, 2-pass and 1-pass) was 1 minute and 51 seconds versus 
2 minutes and 2 seconds for all control tests. The average residence times for the 
experimental tests showed that the three-pass treatment with 6 minutes and 31 seconds ± 
0.10 seconds was longer than the control with 5 minutes and 31 seconds ±0.13 seconds. 
However, the two-pass and one-pass treatments with 3 minutes and 45 seconds ±0.32 
seconds and 1 minute and 59 seconds ± 0.01 seconds, respectively, had shorter residence 
times than the control run with 4 minutes and 10 seconds ± 0.10 seconds and 2 minutes 
and 2 seconds ± 0.02 seconds, respectively. Ideally no differences in residence times 
should have resulted through the trial because the speed of the modified conveyor and the 
quality of the maize was the same throughout the July and August 2009 trials. The only 
explanation for the difference in residence time could have been that the manual 
introduction of the grain from the bucket into the receiving hopper connected to the 
modified screw conveyor was done slower in some of the trial runs causing the variation 
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in the calculation of the average residence times between the treated versus the control 
tests. For aflatoxin reduction, due to the lack of aflatoxin contaminated corn only one-
pass was done and its average residence time for the treatment was 2 minutes and 18 
seconds and for the control was 2 minutes and 37 seconds. 
For insect mortality and mold reduction, ozone CTP (Figure 5-13) based on the 
residence time for the 3-pass, 2-pass and 1-pass treatments were 310,800, 191,300 and 




































CTP 216,000 ppm-min for 100% Insect Mortality
3-passes2-passes1-pass
 
Figure 5-12. Concentration-time product for 3-pass, 2-pass and 1-pass treatments of 
continuous ozonation trial using dry ozone during August 2009. 
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5.10.3. Insect Mortality, Mold and Aflatoxin ReductionThe results obtained for insect 
mortality, mold and aflatoxin reduction for the first and second trials are summarized in 
the first section of this chapter (section 5.4). 
5.10.4. Engineering Parameters for Commercial Applications 
There are several challenges and limitations for continuous flow ozonation 
treatment systems that need to be addressed to scale them up for commercial application. 
5.10.4.1.Targeted Concentration-Time Product 
Based on the experimental trials of the continuous flow ozonation treatment 
system using the commercially available ozone producing capacity of the OzoBlast, the 
maximum achievable CTP was 310,800 ppm-min after three passes (approximately 6 
minutes of residence time) through the modified screw conveyor.  
The main challenge for scale-up of the continuous flow ozonation treatment 
system is to achieve the proper CTP for insect control, mold and mycotoxin reduction 
using a larger capacity modified screw conveyor that can match the normal conveying 
capacities used in grain handling facilities. The two possible ways to accomplish this goal 
are to increment the residence time of the grain being treated or to increase the ozone 
mass flowing into the system. Incrementing the residence time can only be achieved by a 
combination of lengthening the screw conveyor and reducing the rotational speed. 
Lengthening the screw conveyor is possible to a point as long as the power requirements 
do not exceed cost-effective values, and as long as physical location and incline angle do 
not interfere with the rest of the grain facility handling and storage equipment. As the 
incline angle increases the capacity of the screw conveyor to move grain will decrease 
(Midwest Plan Service, 1987). Reducing the rotational speed of the screw conveyor will 
also increase the residence time which can be achieved using a variable frequency drive 
on the motor or by reducing the driver pulley size attached to the motor and reducing the 
pulley size attached to the auger of the screw conveyor. There are mechanical limitations 
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for the minimum rotational speed a screw conveyor can rotate without slipping or 
damaging the motor and pulley system. 
Another option for increasing residence time is to pass the treated grain several 
times through the system. However, this can eventually damage the grain and will add 
extra handling and electrical costs to the treatment (Maier, 2004). Increasing the ozone 
mass flow into the system will be limited by the ozone producing capacity of the 
commercially available generators.  
5.10.4.2. Automatic Monitoring and Control System 
A scale-up continuous flow ozonation treatment system will require an automatic 
control system to let ozone flow into the modified screw conveyor based on the ozone 
concentration monitoring system. The main challenge designing an automatic control 
system is to be able to have monitoring equipment that can measure ozone concentrations 
higher than 216,000 ppm and at the same time control the flow of ozone from the 
generator into the treatment system. 
The goal of the automatic control system would be to adjust the ozone mass flow 
depending on the amount of ozone needed in the treatment system. For example, when a 
lower CTP is needed for a specific treatment effect or when grain stops flowing through 
the screw conveyor, the control system should be able to regulate or stop the ozone mass 
flow into the screw conveyor.  
The reduction of ozone mass flow can be externally done by bleeding out ozone 
through an electrical valve system into an ozone destruct unit to avoid ozone 
contamination with the environment. This system is currently controlled manually but 
causes ozone to be wasted. There are commercial ozone analyzers available for 
measuring high concentrations, but they require airflow introduction from an external 
source for precise quantification and extra mathematical calculations by the operator to 
obtain the concentration value. 
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5.10.4.3. Environmental and Equipment Condition Concerns 
The movement of high ozone concentrations through the continuous flow 
ozonation system can cause a faster corrosion and deterioration of the metal parts of a 
screw conveyor. Therefore, a scale-up system must address the challenge by using 
stainless steel metal parts on the screw conveyor or possibly anti-corrosion agents like 
anti-corrosion premier paints that do not interfere with the flow of grain.  
As observed during experimental trials, the modified screw conveyor needs to be 
properly sealed to avoid ozone leakage to the environment. One option is to use glass 
fiber sheets (OSHA, 1995) due to their capability to capture ozone molecules in their 
micro-fibers as filters or covers to reduce any possible leakage between the modified 
screw conveyor with the unloading hopper. Grain after it has been treated should fall into 
another well sealed storage structure where aeration can take place for removing the high 
ozone smell left after treatment. Grain with residual ozone smell may be classified as 
commercially objectionable foreign odor (COFO) and rejected by inspectors. 
Additionally, the continuous flow ozonation system should be set-up in an operational 
location where moisture does not enter the screw conveyor.  
5.11. Conclusions 
Overall, the information and data of the design parameters of the continuous flow 
ozonation system were used to develop the concept and effectiveness of the treatment 
system. The specific conclusions of this section were: 
 Residence time was calculated as the exposure time it took a maize kernel to 
move through the modified screw conveyor one pass at a time. 
 Ozone concentration was quantified before and after treatment based on the 
residence time of each pass with an average CTP of 263,000 ppm-min and 
310,800 ppm-min for humidified and dry ozone for 3-pass treatments in the July 
2009 trial and an average CTP of 310,800, 191,300 and 88,467 ppm-min for the 
3-pass, 2-pass and 1-pass treatments, respectively for the August 2009 trial.  
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 There was no major difference in residence time and CTP for humidified versus 
dry ozone. Thus, the added expense and complexity of humidified ozonated air 
can be avoided. 
 There was no major difference for the residence time and CTP for the one-pass 
treatment between the July and August 2009 trials.  Therefore, there was no major 
differences between the variables used in the experimental trials to accomplish 
insect mortality in both experimental trials. 
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CHAPTER 6. ECONOMIC AND SCALE-UP ANALYSIS FOR OZONATION 
TREATMENT SYSTEMS 
6.1.  Abstract 
Economic and scale-up analysis was undertaken by developing custom-made 
spreadsheets for each of the three ozonation treatment systems (fixed bed, semi-
continuous counterflow and continuous flow) based on the experimental system 
characteristics and data obtained during previous field trials. The primary objective of 
this research analysis was to determine technically feasible scale-up configurations of 
each ozonation treatment system when treating a specific amount of grain using the same 
ozone generator, and to determine which ozone treatment system is most cost-effective. 
A secondary objective was to compare each ozonation treatment system with three pest 
control techniques: contract phosphine fumigation, ambient aeration, and chilled aeration. 
Additionally, three case studies were developed to compare the use of ozonation for 
insect eradication in food grade maize using a continuous flow ozonation or contract 
phosphine fumigation, and in hard red winter (HRW) wheat using a combination of grain 
chilling and continuous flow ozonation or a combination of ambient aeration and contract 
phosphine fumigation, and for removing mold and odor from off-quality sorghum using 
continuous flow ozonation or grain blending.  For fixed bed ozonation when treating 
grain quantities less than 1,272 MT, the optimal grain bin diameter was 9.14 m with a 
minimum treatment cost of 4.0 $/MT. When treating grain quantities greater than 1,272 
MT (1,272, 2,545, 12,727, and 25,455 MT) in bins with diameters of 7.31, 9.14, 10.97, 
and 14.63 m, the treatment cost was reduced by up to 12.5%. For semi-continuous 
counterflow ozonation treatment systems in grain bin diameters of 7.31, 10.97 and 14.63 
m, the optimal treatment costs were 19.4, 6.1, and 2.7 $/MT respectively. The optimum 
treatment cycle times were 7.4, 4.8 and 3.5 hours, respectively when using one ozone 
generator of 2,000 g/h capacity. For continuous flow ozonation treatment at conveying 
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capacities of 6.4, 12.7, 19.1, 25.5, 38.1 and 50.9 MT/h, the optimal conveyor diameters 
were 0.30, 0.41, 0.51, 0.61, 0.71 and 0.81 m with a lowest cost per metric tonne of 4.7, 
2.4, 1.6, 1.2, 0.8 and 0.6 $/MT, respectively. The optimal conveyor lengths when using a 
conveyor diameter of 0.41 m were 4.15, 8.27, 12.43, 16.55, 24.83 and 33.10 m with a 
lowest cost per metric tonne of 4.7, 2.4, 1.6, 1.2, 0.8 and 0.6 $/MT, respectively. The 
continuous flow treatment system was predicted to have the lowest treatment cost of 1.21 
$/MT compared to fixed bed ozonation (1.33 $/MT) and semi-continuous counterflow 
ozonation (2.72 $/MT) when treating 1,272 MT of grain. Continuous flow ozonation was 
55% more expensive than contract phosphine fumigation, and 29 and 43% less expensive 
than ambient aeration and grain chilling, respectively. The comparison in the case studies 
involving eradication of adult insects in stored grain on-farm (i.e., food grade maize and 
HRW) showed that traditional pest control (i.e., phosphine fumigation in Indiana and 
ambient aeration plus phosphine fumigation in Kansas) had a lower treatment cost per 
metric tonne of 35 and 25%, respectively, compared to the alternative techniques (i.e., 
continuous flow ozonation in Indiana and grain chilling plus continuous flow ozonation 
in Kansas).   The comparison in the case study for blending odor-damaged sorghum from 
a hopper car at a grain export facility versus continuous flow ozonation showed that 
blending was more economically feasible as long as the discount price is below 1.21 
$/MT.  
6.2. Introduction 
The use of non-chemical techniques as alternatives for pest control in stored grain 
have been based on their economic feasibility and mainly by the necessity of the organic 
market which only allows very few options for grain to be treated for pest control. The 
economic feasibility of the usage of any pest control technique or treatment in the grain 
industry is based on a cost per metric tonne (or bushel) basis.  The majority of the 
research studies in economic analysis for grain storage have been developed for 
marketing and carryover costs associated at the farmers’ level focusing on the financial 
cost analysis. Few studies have been developed to analyze the cost of grain storage and 
pest control and its comparison between treatments. Reed (2013) commented that 
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Midwest farmers, grain elevators and commercial processing facilities will usually 
perform aeration or fumigation (in-house or contract) to maintain grain quality before 
marketing or processing based on the condition of the grain.  
Grain quality is directly linked to the condition of grain at the time of harvest, 
which varies year by year, based on weather conditions and growing location. Therefore, 
it is well known that at the commercial level the decision for aeration and fumigation 
treatments of grain will depend on its quality and on several other variables that include 
time of year, storage location, type of grain, moisture content, and intended use 
(marketing or type of processing). These variables make the decision of a farmer or a 
commercial company a unique situation that has to be analyzed on a yearly and seasonal 
basis. Therefore, the development of an economic analysis or a prediction model would 
be rather complex due to the many possible scenarios. 
The economic analysis of the few commercially available non-chemical 
alternatives, e.g., grain chilling, has been documented and compared to traditional 
chemical treatments like phosphine fumigation (in-house or contract), and ambient 
aeration which in this case resulted in an increase in cost of 65, 63, and 20%, respectively 
(Rulon et al., 1999). An example of an economic analysis was performed between the 
application of IPM strategies (grain sampling, sanitation, etc.) with phosphine fumigation 
that resulted in a treatment cost reduction of 4% (Adams et al., 2006). Another example 
of an economic analysis was performed by Kenkel and Noyes (1994) that showed the 
improvements in cost and efficacy by 35 to 50% when using closed-loop fumigation 
compared to traditional fumigation practices.  
The economic analysis on the usage of ozone as a pest control technique has not 
been explored except for its economic viability as a fumigant alternative on stored corn in 
Brazil (Pereira et al., 2008). This study included equipment and operating costs, capital 
return, net present value and internal rate of return. The results showed that using ozone 
was more economically viable when storing grain for longer periods of time (90 to 180 
days) when its temperature was 20°C (68ºF) compared to when it was 30 to 45ºC (86 to 
113 ºF). At higher grain temperatures, ozone treatment caused a higher degradation in 
terms of quality which caused a reduction in grain market value (Pereira et al., 2008).  
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The main objective of this chapter was to determine technically feasible scale-up 
configurations of each ozonation treatment system (fixed bed, semi-continuous 
counterflow, and continuous flow) when treating a specific amount of grain using the 
same ozone generator, and to determine which ozone treatment system is most cost-
effective. A second objective was to compare each ozonation treatment system with 
contract phosphine fumigation, ambient aeration, and chilled aeration. Additionally, three 
case studies were developed to compare ozonation against traditional pest control 
methods. 
6.3. Materials and Methods 
Economic and scale-up analysis was undertaken by developing custom-made 
spreadsheets for each ozonation treatment system based on the experimental system 
characteristics and data obtained during the field trials using maize as the treated grain. 
6.3.1. Fixed Bed Ozonation Treatment System 
The economic and scale-up analysis for the fixed bed ozonation treatment system 
was based on the data collected during the experimental trials for fixed bed ozonation 
with recirculation conducted at the pilot bin facility of the Purdue University Post-
Harvest Education & Research Center (PHERC) in June 2005, August 2006, July 2007, 
and October 2008 and at the experimental trials for fixed bed ozonation without 
recirculation conducted at a popcorn storage and processing facility in July 2005 and 
2006 (Campabadal et a., 2013). The spreadsheet was developed using Microsoft Excel. 
The calculations in the spreadsheet were focused on predicting the operational costs per 
metric tonne from treatment with ozone in six bin diameter sizes with three commercially 
available ozone generators (Table 6-1).   
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Table 6-1. Ozone generator capacity and production, power consumption, and ozone 
concentration delivered into the plenum of a 9.14 m grain bin diameter for each of the 
three commercially available generators. 
Generator Capacity Ozone Producing 
Capacity 
Ozone Concentration into 
the Plenum of a 9.14 m 




) (ppm) (kWh) 
250 34.13 60 18 
1,000 130.2 228 70 
2,000 260.0 456 170 
6.3.1.1. Input Data 
The input data for the spreadsheet are: 
 Desired concentration-time product (CTP) for treatment: Recommended value is 
3,600 ppm-h for insect mortality and mold reduction. 
 Amount of grain to be treated: Specific amount of grain that will be treated through 
the fixed bed ozonation system in tonnes. 
 Grain bin system specifications: Grain bin depth and diameter in meters. 
 Ozone generator capacity: Three commercially available generators provide the 
amount of ozone mass flow (ozone produced per hour), ozone producing capacity in 
grams per cubic meter of air, amount of power needed per hour, and the amount of 
ozone that will result in the plenum of a grain bin of 9.14 m (30 ft) diameter. Values 
were entered in the spreadsheet as a look-up table (Table 6-1). When other grain bin 
diameter sizes (bigger or smaller) are used, the ozone concentration delivered at the 
plenum is calculated through a multiplying factor that is based on the relationship of 
diameter size and ozone concentration delivered at the plenum for the 9.14 m 
diameter grain bin. The relationship is: 
 
 B  =  OP      (6-1) 
                 9.14    OT     
Where, 
 B = Grain bin diameter entered in the spreadsheet for analysis (m) 
138 
 
OP = Ozone concentration at the plenum needed for the spreadsheet analysis 
(ppm) 
OT = Ozone concentration at the plenum of a 9.14 m diameter grain bin for each 
of the three ozone generators from Table 6-1 (ppm) 
 Treatment costs: Electrical cost on a $ per kWh basis and generator rental cost on an 
hourly basis. The electricity cost of 0.10 $/kWh was obtained from USEIA (2013). 
 Ozone generator rental cost: Rental costs on an hourly basis for the ozone generators 
of 250, 1,000, and 2,000 g/h (Table 6-2) were calculated (Appendix C.1.) based on 
information provided by Johnson (2010).  
 
Table 6-2. Purchase and rental costs for the 250, 1,000 and 2,000 g/h capacity ozone 
generators. 
Ozone Generator Purchase Cost Rental Cost 











Purchase cost obtained from Johnson (2010). 
2
Purchase cost assumed from doubling the purchase cost of the 1,000 g/h capacity 
generator. 
 
 Fan specifications: Fan power and amount of airflow needed to maintain minimum air 
velocity of 0.03 m/s in order for ozone to move through the grain mass and achieve 
an optimal ozone concentration and treatment effect (Kells et al., 2001; Mendez et al., 
2003). The airflow was calculated based on the amount of air produced for each grain 
bin diameter at a minimum air velocity of 0.03 m/s. The fan power was calculated 
based on the minimum power requirements to deliver the needed airflow for each fill 
depth. The calculations were performed using the FANS for Windows Software, 
version 1.1 (1996 Minnesota Extension Service, University of Minnesota, 
Minneapolis, MN). For the economic and scale-up analysis, the fan power and 




Table 6-3. Airflow rates (m3/s) and fan power (kW) for each grain bin’s diameter and fill 
depth determined using the FANS program. 
Grain Fill Depth 
(m)  
Grain Bin Diameter  
(m) 
Units 
 2.74 3.66 5.49 7.31 9.14 10.97 14.63  
2.44 0.18 0.31 0.71 1.26 1.97 2.84 5.04 m
3
/s 
 0.2 0.2 0.4 0.7 1.1 2.2 7.5 kW 
3.66 x 0.31 0.71 1.26 1.97 2.84 5.04 m
3
/s 
 x 0.2 0.4 0.7 1.1 2.2 7.5 kW 
4.88 x x 0.71 1.26 1.97 2.84 5.04 m
3
/s 
 x x 0.4 1.1 1.1 2.2 7.5 kW 
6.10 x x x 1.26 1.97 2.84 5.04 m
3
/s 
 x x x 1.1 1.1 2.2 11.2  kW 
7.32 x x x 1.26 1.97 2.84 5.04 m
3
/s 
 x x x 1.1 1.1 2.2 11.2 kW 
8.53 x x x x 1.97 2.84 5.04 m
3
/s 
 x x x x 1.1 3.0 11.2 kW 
9.75 x x x x x 2.84 5.04 m
3
/s 
 x x x x x 3.0 11.2 kW 
10.97 x x x x x 2.84 5.04 m
3
/s 
 x x x x x 3.0 11.2 kW 
12.20 x x x x x x 5.04 m
3
/s 
 x x x x x x 11.2 kW 
6.3.1.2. Output Data 
The output data for the spreadsheet are: 
 Cost per metric tonne: Total cost of treatment divided by the total amount of grain to 
be treated. 




 Total cost of treatment: Based on the electrical and rental cost per hour of running the 
ozone generator, and the electrical cost of running the aeration fan to move the ozone 
through the treated grain mass.  
 Total running time for treatment: Based on the time needed to reach the desired CTP 
for all treated grain. 
 Total ozone generator units needed: Number of ozone generators needed to achieve 
desired CTP for the desired treatment capacity of the system. 
6.3.1.3. Explanation of the Calculation Procedure of the Spreadsheet 
In order to determine the total cost per metric tonne for any equipment scenario, the 
procedure for calculation of the fixed bed ozonation spreadsheet was based on 
determination of the total cost of the treatment and the amount of treated grain. Total cost 
of the treatment was based on the electrical and rental cost per hour of running the ozone 
generator plus electrical cost of running the aeration fan to move the ozone through the 
treated grain mass in order to reach a CTP of 3,600 ppm-h in order to achieve 100% 
insect mortality for red flour beetle (RFB) and maize weevil (MW) (Mendez et al., 2003). 
The running time of the aeration fans to move the ozone through the grain mass was 
defined as the treatment time which was directly related to the ozone concentration in the 
bin’s plenum. It was assumed in the spreadsheet that ozone was forced up into the grain 
mass after it was introduced through the fan transition part of the plenum moving upward 
by the airflow instead of introducing it through the air vents into the bin’s headspace. 
This assumption was made for a more accurate calculation of ozone concentration due to 
the better sealed condition of a bin plenum compared to the headspace. It was assumed 
that the treatment bin had the correct design considerations to conduct proper aeration 
(flat bottom, perforated floor, enough roof venting, etc). Ozone concentration in the bin 
plenum resulted from the concentration produced by the chosen commercially available 
ozone generator (Table 6-1) and the calculation using Equation (6-1) for different bin 
sizes. The controlling variable for optimization of the fixed bed system was the bin size 
with respect to its diameter. 
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6.3.1.4. Economic and Scale-up Analysis 
The economic and scale-up spreadsheet analysis was based on determining the 
optimal bin diameter of the fixed bed ozonation treatment bin in order to reach a CTP of 
3,600 ppm-h at the lowest feasible cost per tonne. The spreadsheet analysis was 
developed for two equipment scenarios using the same input variables and the largest 
ozone generator with a capacity of 2,000 g/h, electricity cost of 0.10 $/kWh and a rental 
cost of 12.5 $/h for the ozone generator (Table 6-2).  
The first equipment scenario was developed to determine the lowest cost per 
tonne using grain bins with diameters of 5.49, 7.31, 9.1, 10.97 and 14.63 m (18, 24, 30, 
36 and 48 ft) for treating 254 MT (10,000 bu) of grain. The total treatment amount of 254 
MT was chosen because it is an amount that can be treated in one treatment with the bin 
sizes used in the spreadsheet. For each bin diameter, the grain depth was adjusted to hold 
254 MT of grain. The second equipment scenario was developed to determine the lowest 
cost per tonne using bins with diameters of 7.31, 9.1, 10.97, and 14.63 m (24, 30, 36 and 
48 ft) for treating 1,272, 2,545, 12,727 and 25,455 MT (50,000, 100,000, 500,000 and 
1,000,000 bu). 
6.3.2. Semi-Continuous Counterflow Ozonation Treatment System 
The economic and scale-up analysis for the semi-continuous counterflow 
ozonation treatment system was based on data collected during the experimental trials 
conducted at the Diener Farm in July 2008 and April 2009. The spreadsheet was 
developed using Microsoft Excel. Calculations of the spreadsheet were focused on 
predicting the operational costs per metric tonne from treatment with ozone in three bin 
diameter sizes with tapered unloading augers that are commercially available. 
6.3.2.1. Input Data 
The input data for the spreadsheet are: 
 Desired CTP for treatment: Recommended value is 3,600 ppm-h for insect mortality 
and mold reduction 
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 Amount of grain to be treated: Specific amount of grain that will be treated through 
the semi-continuous ozonation system in metric tonnes. 
 Grain bin system specifications: Grain bin depth and diameter, plenum height, motor 
capacity needed for the tapered sweep auger and unloading/loading system. 
 Ozone generator capacity: Three commercially available generators provide the 
amount of ozone mass flow (ozone produced per hour), ozone producing capacity in 
grams per cubic meter of air, amount of power needed per hour, and the amount of 
ozone that will result in the plenum of a grain bin with 9.14 m (30 ft) diameter. 
Values were entered in the spreadsheet as a look-up table (Table 6-1). In the 
spreadsheet when other grain bin diameter sizes (bigger or smaller) are used, the 
ozone concentration delivered at the plenum is calculated through a multiplying 
factor that is based on the relationship of diameter size and ozone concentration 
delivered at the plenum for the 9.14 m diameter grain bin using Equation 6-1. 
 Treatment costs: Electrical cost on a $ per kWh basis and generator rental cost on an 
hourly basis. The electricity cost of 0.10 $/kWh was obtained from (USEIA, 2013). 
 Ozone generator rental cost: Rental costs on an hourly basis for the ozone generators 
of 250, 1,000, and 2,000 g/h (Table 6-2) were calculated (Appendix C.1.) based on 
information provided by Johnson (2010).   
 Fan specifications: Fan power and amount of airflow needed to maintain minimum air 
velocity of 0.03 m/s in order for ozone to move through the grain mass and achieve 
an optimal ozone concentration and treatment effect (Kells et al., 2001; Mendez et al., 
2003). The airflow was calculated based on the amount of air produced for each grain 
bin diameter at a minimum air velocity of 0.03 m/s. The fan power was calculated 
based on the minimum power requirements to deliver the needed airflow for each fill 
depth. The calculations were performed using the FANS for Windows Software, 
version 1.1 (1996 Minnesota Extension Service, University of Minnesota, 
Minneapolis, MN). For the economic and scale-up analysis, the fan power and 
airflow are obtained from a data table in the spreadsheet (Table 6-3).  
 Treatment time per grain layer: Ozonation time at steady state for each grain layer 
(when grain is not moving down through the grain mass) plus unloading/loading time 
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for each grain layer as it moves down through the grain bin (based on sweep auger 
speed). 
6.3.2.2. Output Data 
The output data for the spreadsheet are: 
 Cost per metric tonne: Total cost of treatment divided by the total amount of grain to 
be treated. 
 Treatment capacity: Amount in metric tonnes per hour for treatment in the semi-
continuous counterflow system.  
 Total cost of treatment: Based on the electrical and rental cost per hour of running the 
ozone generator, the electrical cost of running the semi-continuous system (sweep 
auger inside the grain bin, grain unloading and loading system), and the cost of 
running the aeration fan to move the ozone through the treated grain mass.  
 Total running time for treatment:  Based on the time needed to reach the desired CTP 
for all treated grain. 
 Total ozone generator units needed: Number of ozone generators needed to achieve 
desired CTP for the desired treatment capacity of the system. 
6.3.2.3. Explanation of the Calculation Procedure of the Spreadsheet 
In order to determine the total cost per metric tonne for any equipment scenario, 
the procedure for calculation of the semi-continuous counterflow ozonation spreadsheet 
was based on the determination of the total cost of the treatment and the amount of 
treated grain. The total cost of the treatment was based on the electrical and rental cost 
per hour of running the ozone generator plus the electrical cost of running the aeration 
fan to move the ozone through the treated grain mass in order to reach a CTP of 3,600 
ppm-h in order to achieve 100% insect mortality for RFB and MW (Mendez et al., 2003) 
plus the running time of the semi-continuous system (sweep auger inside the bin for the 
grain unloading and loading system). The treatment time was defined as the ozonation 
time (steady state phase of the system with no movement of the grain layers) plus the 
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unloading and loading time of the grain layers in the treatment bin. The desired CTP was 
calculated based on the exposure time of each grain layer to the ozone concentration at 
each level. The ozone concentration at each level was calculated based on the dilution 
effect as it moved upward throughout the grain mass which was initially based on the 
ozone concentration in the bin plenum calculated by Equation 6-1 and the chosen ozone 
generator from Table 6-1. Ozone produced by the chosen generator was forced to move 
upward through the grain mass after it was introduced through the bin plenum using 
controlled speed aeration fans.  The two controlling variables for optimization of the 
semi-continuous counterflow system were ozonation time at steady state for each grain 
layer and bin size with respect to diameter and fill depth. 
6.3.2.4. Economic and Scale-up Analysis 
The economic and scale-up spreadsheet analysis was based on determining the 
optimal bin diameter of the semi-continuous counterflow ozonation treatment bin in order 
to reach a CTP of 3,600 ppm-h at the lowest feasible cost per metric tonne. The 
spreadsheet analysis was developed for two equipment scenarios using the same input 
variables and the largest ozone generator with a capacity of 2,000 g/h, electricity cost of 
0.10 $/kWh and a rental cost of 12.5 $/h for the ozone generator (Table 6-2).  
The first equipment scenario was developed to determine the lowest cost per 
metric tonne using bin diameters of 7.31, 10.97 and 14.63 m (24, 36 and 48 ft) for 
treating 1,272 MT (50,000 bu) of grain with one hour treatment cycle time. The second 
equipment scenario was developed to determine the treatment cycle time with the lowest 
cost per metric tonne using bin diameters of 7.31, 10.97 and 14.63 m for treating 1,272 
MT.  
6.3.3. Continuous Flow Ozonation Treatment System 
The economic and scale-up analysis for the continuous flow ozonation treatment 
system was based on data collected during the experimental trials conducted at PHERC 
in July and August 2009. The spreadsheet was developed using Microsoft Excel. The 
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calculations of the spreadsheet were focused on predicting the operational costs per 
metric tonne of grain treated with ozone in screw conveyors of varying diameters and 
lengths.    
6.3.3.1. Input Data 
The input data for the spreadsheet are: 
 Desired CTP for treatment: Recommended value is 3,600 ppm-h for insect mortality 
and mold reduction. 
 Amount of grain to be treated: Specific amount of grain that will be treated through 
the continuous flow ozonation system in metric tonnes per hour. 
 Modified conveyor system specifications: Conveyor diameter, length, and inclination 
angle. Data for capacity and power consumption based on conveyor diameter and 
shaft diameter at an inclination angle of 45º were obtained and calculated based on 
MWPS-13 (Midwest Plan Service, 1987). Values were entered in the spreadsheet as a 


















Table 6-4.  Modified screw conveyor capacity (MT/h) and power consumption (kW/m) 
based on MWPS-13. 
Capacity Conveyor Diameter Conveyor Shaft 
Diameter 
Power Consumption 
(MT/h) (m) (m) (kW/m) 
14.25 0.10 0.04 0.15 
38.18 0.15 0.04 0.24 
56.26 0.20 0.04 0.34 
84.00 0.25 0.05 0.49 
115.06 0.30 0.05 0.61 
158.58 0.36 0.05 0.83 
204.66 0.41 0.06 1.08 
226.55 0.46 0.06 1.22 
254.55 0.51 0.06 1.32 
305.37
1 
0.61 0.07 1.47 
356.37
1 
0.71 0.08 1.57 
407.28
1 
0.81 0.08 1.71 
1
 Values were extrapolated based on specifications from MWPS-13.  
 
 Ozone generator capacity: Three commercially available generators provide the 
amount of ozone mass flow (ozone produced per hour), ozone producing capacity in 
grams per cubic meter of air, and the amount of power needed per hour. Values were 
entered in the spreadsheet as a look-up table (Table 6-1).  
 Treatment capacity: Amount in metric tonnes per hour for treatment in the continuous 
flow system.  
 Treatment costs: Electrical cost on a $ per kWh basis and generator rental cost on an 
hourly basis. The electricity cost of 0.10 $/kWh was obtained from USEIA (2013). 
147 
 
 Ozone generator rental cost: Rental costs on an hourly basis for the ozone generators 
of 250, 1,000, and 2,000 g/h (Table 6-2) were calculated (Appendix C.1.) based on 
information provided by Johnson (2010).  
6.3.3.2. Output Data: 
The output data for the spreadsheet are: 
 Cost per metric tonne: Total cost of treatment divided by the total amount of grain to 
be treated. 
 Total cost of treatment: Based on the electrical and rental cost per hour of running the 
ozone generator, and the electrical cost of running the modified screw conveyor.   
 Total running time for treatment:  Based on the time needed to reach the desired CTP 
for all treated grain. 
 Total ozone generator units needed: Number of ozone generators needed to achieve 
desired CTP for the desired treatment capacity of the system. 
6.3.3.3. Explanation of the Calculation Procedure of the Spreadsheet 
In order to determine the total cost per metric tonne for any equipment scenario, 
the procedure for calculation of the continuous flow ozonation spreadsheet was based on 
the determination of the total cost of the treatment and the amount of treated grain. The 
total cost of the treatment was based on the electrical and rental cost per hour of running 
the ozone generator plus the electrical cost of running the motor of the modified screw 
conveyor. The treatment time is the time it took the amount of treated grain to move 
through the screw conveyor which depended on the capacity of the conveyor (metric 
tonnes per hour). The desired CTP was reached based on the amount of ozone that was 
introduced into the modified screw conveyor. This amount of ozone was calculated based 
on the capacity of the chosen ozone generator (Table 6-1). Based on the previous 
research performed on the usage of continuous flow ozonation (Chapter 5), it was 
assumed that ozone was introduced evenly throughout a manifold distributor attached to 
the modified screw conveyor. Since the ozone concentration was measured at the inlet of 
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the ozone manifold distributor, for practical reasons, it was assumed that the ozone 
concentration was not affected by the change of the modified screw conveyor size (length 
and diameter). The change in modified screw conveyor size did affect the treatment 
capacity which directly had an effect on the treatment or residence time. The three 
controlling variables for optimization of the continuous flow ozonation system are 
conveyor length and diameter, and treatment capacity. 
6.3.3.4. Economic and Scale-up Analysis 
The economic and scale-up spreadsheet analysis was based on determining the 
optimal size (diameter and length) of the modified screw conveyor in order to reach a 
CTP of 3,600 ppm-h at the lowest feasible cost per metric tonne. The spreadsheet 
analysis was developed for two scenarios using the same input variables and the largest 
ozone generator with a capacity of 2,000 g/h, electricity cost of 0.10 $/kWh, a rental cost 
of 12.5 $/h for the ozone generator, and no inclination of the conveyor.  
The first equipment scenario was developed to determine the lowest cost per 
metric tonne by determining the optimum conveyor diameter between 0.20, 0.30, 0.41, 
0.51, 0.61, 0.71, 0.81, 0.91, 1.02 and 1.12 m (8, 12, 16, 20, 24, 28, 32, 36, 40 and 44 
inches) using conveying capacities of: 6.4, 12.7, 19.1, 25.5, 38.2 and 50.9 MT/h (250, 
500, 750, 1,000, 1,500 and 2,000 bu/h) for treating 1,272 MT (50,000 bu) of grain with a 
fixed conveyor length of 9.14 m (30 ft).  The second equipment scenario was developed 
to determine the optimal modified conveyor length between 1.52 and 42.67 m with the 
lowest treatment cost per metric tonne using conveying capacities of 6.36, 12.73, 19.09, 
25.46, 38.18 and 50.91 MT/h for treating 1,272 MT (50,000 bu) with a fixed conveyor 
diameter of 0.41 m (16 in).  
6.3.4. Comparison of Ozonation versus Phosphine Fumigations versus Grain 
Chilling versus Ambient Aeration 
Based on the results obtained for each ozonation treatment system (fixed bed, 
semi-continuous counterflow, and continuous flow), a comparison in the cost per metric 
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tonne was made between the ozonation treatment systems, and between the commercially 
available ozonation treatment systems and phosphine fumigation, ambient aeration and 
grain chilling adapted from previously published costs.  A fixed amount of 1,272 MT 
using one ozone generator with a capacity of 2,000 g/h was used for comparison among 
the ozonation treatments. For the fixed bed and semi-continuous counterflow treatment 
systems, a bin diameter of 14.63 m (48 ft) was chosen for comparison because it is a 
common diameter bin on farms, at grain elevators and at feed mills. For the continuous 
flow treatment system, a conveyor length of 21.33 m (70 ft) with a diameter of 0.41 m 
(16 in) were chosen because it is a common screw conveyor size used on farms and at 
feed mills. A treatment capacity of 25 MT/h (1,000 bu/h) was chosen for the semi-
continuous couterflow and continuous flow treatment systems in order to match as close 
as possible the resulting treatment capacity of the fixed bed treatment system. The 
treatment cost per metric tonne of 3.14 $/MT for the commercially available ozonation 
treatment system was provided by Johnson (2010). That cost was believed to be for odor 
removal. Data for operating cost per metric tonne for phosphine fumigation, ambient 
aeration and grain chilling were obtained and adapted from research analysis (Table 6-5) 
developed by Rulon et al. (1999). 
Table 6-5.  Operating cost per metric tonne for contract fumigation, ambient aeration, and 
grain chilling as reported by Rulon et al. (1999) and adjusted for 2013 economic 
conditions. 













The operating cost values for the three pest control techniques obtained in 1999 
were updated to 2013 costs (Table 6-5).  In 2013, contract phosphine fumigation cost per 
tonne was 0.78 $/MT according to Sanborn (2013) compared to 0.37 $/MT in 1999 
(Rulon et al., 1999), which is a 212% increase. Cost for grain chilling and ambient 
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aeration were adjusted based on the increase of electricity cost. It was assumed that 
nearly 100% of those costs were electrical. In 2013, electrical cost was on average 0.10 
$/kWh according to USEIA (2013). In 1999, electricity was 0.047 $/kWh for the case 
studies evaluated by Rulon et al. (1999). The operating costs were based on Rulon et al. 
(1999) analysis for the different pest control techniques using one treatment per season or 
storage cycle. It is acknowledged that the treatment goal of the three pest control 
techniques is different. Contract fumigation is used for eradication of internal and 
external insect infestation. Ambient aeration and grain chilling are used to lower grain 
temperatures for reducing insect activity and ideally the prevention or delay of  
infestation. Lowering grain temperatures may eliminate the need for fumigation entirely, 
or limit it to a one-time application before unloading a bin for delivery. 
6.3.5. Case Studies Analysis for Usage of Ozonation in Grain Treatment 
Three case studies were developed for different scenarios to compare the use of 
ozonation against traditional grain treatments at a food grade maize farm in Indiana and a 
wheat farm in Kansas for insect infestation eradication, and at a grain exporting facility in 
Texas for off-odor and mold removal on sorghum. The analysis was based on the 
treatment of 254 MT of grain in each case. Each case study is described as part of the 
respective results discussion in the next section of this chapter. 
6.4. Results and Discussion 
6.4.1. Fixed Bed Ozonation Treatment System 
The economic and scale-up spreadsheet analysis was based on determining the 
optimal bin diameter of the fixed bed ozonation treatment system in order to reach a CTP 
of 3,600 ppm-h at the lowest feasible cost per metric tonne.  
151 
 
6.4.1.1. Optimal Bin Diameter for a Fixed Amount of Grain Treatment 
The economic analysis showed that for grain bin diameters of 5.49, 7.31, 9.14, 
10.97 and 14.63 m, the cost for treating 254 MT were 9.5, 6.4, 4.0, 4.8 and 13.0 $/MT 
(Figure 6-1) with treatment capacities of 3.1, 4.6, 7.4, 6.2 and 2.3 MT/h, respectively. 
Interestingly, a minimum cost of 4.0 $/MT resulted for a grain bin diameter of 9.14 m. 
This bin size has a holding capacity of 400 MT which is larger than the 254 MT batch of 
treated grain. 
Grain bins with diameters smaller than 9.14 m have holding capacities smaller 
than 254 MT. Therefore, when treating 254 MT, it required at least one extra bin with its 
own connected ozone generator to achieve complete treatment. That would require the 
renting of an extra ozone generator which would increase the treatment cost per tonne. 
Alternatively, grain could be treated in sequential batches using only one bin. That would 
require the ozone generator to run for a longer time which will increase the electrical cost 
similarly as treating in multiple bins at the same time.  
In bins with a diameter greater than 9.14 m, despite the fact that their capacity 
could hold the 254 MT batch though grain depth would become shallower, the treatment 
cost per tonne increased with increasing diameter.  This increase in cost was caused due 
to the requirement of using higher capacity fans (Table 6-3) and longer treatment times to 
reach the desired CTP of 3,600 ppm-h. This triggered an increase in electrical cost per 
metric tonne and thus overall treatment cost. Treatment time increased because the grain 
has to be exposed to ozone for a longer time in order to reach the desired CTP. In the 
larger diameter bin plenums ozone concentration is diluted when using the same 2,000 
g/h capacity ozone generator.   
Further refining the spreadsheet analysis resulted in a minimum cost of 3.5 $/MT 
for a grain bin diameter of 7.92 m (26 ft) and a treatment capacity of 8.6 MT/h using only 
one ozone generator of 2,000 g/h. Unfortunately, this grain bin diameter is not 
commercially available, but it shows how the fixed bed treatment could be optimized for 
the lowest possible treatment cost.  
In summary, when treating a specific amount of grain in the fixed bed treatment 
system, the limitations are the size of the bin and the ozone producing capacity of the 
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generator.  For the current setup of bin capacities used in the spreadsheet model, running 
an analysis with grain amounts greater than 1,272 MT would result in having to use at 
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Figure 6-1. Fixed bed treatment cost per metric tonne versus bin diameter when treating 
254 MT of grain. 
6.4.1.2. Optimal Bin Diameter for Treatment of Grain Quantities Greater than 
1,272 MT 
An economic analysis was developed to determine the optimal grain bin diameter 
for the lowest cost per metric tonne when treating grain quantities greater than 1,272 MT. 
This amount was chosen as the lower limit for the analysis because none of the grain bins 
smaller than 14.63 m diameter can hold at least 1,272 MT. Therefore, any treatment of 
more grain would require using multiple bins at a time with one ozone generator per bin, 
or using only one bin but running the ozone generator for a longer time.   
The results of the economic and scale-up analysis showed that when 1,272, 2,545, 
12,727 or 25,455 MT of grain were treated in bins with diameters of 7.31, 9.14, 10.97 
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and 14.63 m, a reduction of the treatment cost per tonne of up to 10 – 12.5% occurred 































Figure 6-2. Fixed bed treatment cost per tonne for four bin diameters of 7.31, 9.1, 10.97 
and 14.63 m when treating 1,272, 2,545, 12,727 and 25,455 MT of grain. 
This reduction in treatment cost per tonne was caused by the increase of the 
holding capacity of the bins because more grain could be treated at a time with fewer 
ozone generators connected to each bin (Table 6-6). For greater amounts of 1,272, 2,545, 
12,727 and 25,455 MT, the optimal bin diameters were14.63, 16.76, 28.65 and 35.66 m 
(48, 55, 94 and 118 ft), respectively. These bin diameters all have the capacity to hold the 
amount of treated grain in one batch. This results in the need for only one ozone 
generator of 2,000 g/h. Also, these bins have diameters that are all commercially 
available. 
When using bin diameters of 7.31, 9.14, 10.97 or 14.63 m for treating different 
grain amounts of 1,272, 2,545, 12,727 and 25,455 MT (Figure 6-2) the treatment costs 
per tonne in each bin setup were similar among them. The only slight difference was 
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caused by the rounding error in the spreadsheet when determining the number of ozone 
generators needed for each treatment. It is shown that for each grain bin diameter, the 
increase in the amount of grain treated has a linear relationship with the number of ozone 
generators needed (Table 6-6). When the treatment amount is doubled, the number of 
ozone generators needed for the treatment also doubles. For example, for a  bin diameter 
of 7.31 m, the treatment of 1,272 MT requires six ozone generators, while the treatment 
of 2,545 MT (2 x 1,272 MT) requires 12 ozone generators. 
Table 6-6.  Number of ozone generators needed for four bin diameters of 7.31, 9.1, 10.97 
and 14.63 m when treating 1,272, 2,545, 12,727 and 25,455 MT of grain in a fixed bed 
system. 




 7.31 9.14 10.97 14.63 
1,272 6 3 2 1 
2,545 12 6 4 2 
12,727 58 30 18 9 
25,455 116 60 35 18 
 
It is important to mention that the number of ozone generators needed for 
treatment corresponds to the number of bins needed for treatment because one generator 
will be connected to one bin and treatment of all grain takes place at the same time. For 
example, treating 2,545 MT in a bin with a diameter of 9.14 m requires six bins and six 
ozone generators. Treating all grain at the same time requires 34 hours. Alternatively, the 
total amount of grain could be treated in only one bin of 9.14 m diameter at a time, but in 
six sequential batches that will end up requiring a minimum of 204 hours in treatment 
time plus loading and unloading of the grain (6 batches x 34 hours = 204 hours). 
For each bin diameter, as the amount of grain to be treated increased, more ozone 
generators were needed in order to reach the desired CTP (Table 6-6). Instead, this 
problem could be resolved if other commercially available higher capacity ozone 
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generators were used such as  supposedly from Ozonia (Leonia, New Jersey) that have a 
theoretical capacity of up to 26,000 g/h.  
6.4.2. Semi-Continuous Counterflow Ozonation Treatment System 
6.4.2.1. Optimal Bin Diameter for Fixed Treatment Amount of Grain  
The results for the economic analysis of the semi-continuous counterflow 
ozonation treatment system showed that for bin diameters of 7.31, 10.97 and 14.63 m 
with one hour treatment cycle time the cost were 19.4, 6.1, and 2.7 $/MT with treatment 
capacities of 6.1, 13.8 and 24.6 MT/h, respectively (Table 6-7). To achieve the lowest 
cost of 2.7 $/MT for the 14.63 m diameter bin, three 2,000 g/h ozone generators were 
needed. In order to provide the desired CTP of 3,600 ppm-h with only one unit, an ozone 
generator with a capacity of 6,000 g/h would be needed.  
It is important to note that when the bin diameter is increased, the number of 
ozone generators needed to treat 1,272 MT of grain will decrease. The increase in bin 
diameter would cause the fixed amount of treated grain to be distributed in a shallower 
layer that would result in an increase in the layer holding capacity causing more grain to 
be treated at a time. Also, more grain will be exposed to higher ozone concentrations in 
the bottom layers of the grain mass that will result in less ozone needed to reach the 









Table 6-7. Treatment cost per metric tonne, treatment capacity, and number of generators 
when ozonating 1,272 MT of grain in bins with diameters of 7.32, 10.97 and 14.63 m in a 
semi-continuous counterflow system.  
Bin Diameter Treatment Cost Treatment Capacity Ozone Generators 
(m) ($/MT) (MT/h) # 
  7.31
 
19.4     6.1 6 
10.97
 
 6.1 13.8 4 
14.63  2.7 24.6 3 
 
Based on the analysis, it was shown that the lowest treatment cost per metric 
tonne would result in the bigger diameter bins. This means that an increase in the holding 
capacity of the bin will allow the semi-continuous treatment setup to be more efficient by 
handling more grain per hour during treatment. This increase in treatment capacity causes 
a reduction in treatment cost despite the increase in electrical consumption from the 
larger size of the grain unloading system and the increase of the fan horsepower in order 
to provide enough airflow to maintain a minimum air velocity of 0.03 m/s (Mendez et al., 
2003).   
Larger bin sizes were not compared in this case due to the lack of commercial 
availability of semi-continuous unloading systems beyond 14.63 m diameter. However, if 
a bolted silo tank were equipped with a Laidig Track-Drive Silo Unloader Reclaim 
System (Laidig System Inc., 2013) the treatment capacity could potentially be increased 
up to a diameter of 21.95 m (Figure C.2-1). The economic analysis for such a system 
setup for diameters beyond 14.63 m treating 1,272 MT with 1 hour residence time and 
0.5 hour unloading time showed that as diameter was further increased, treatment cost 




Table 6-8. Semi-continuous counterflow treatment cost per metric tonne and treatment 
capacity in silo tanks with diameters of 16.46, 18.29, 20.12 and 21.95 m with a fixed 
treatment amount of 1,272 MT and use of a heavy duty unloading system. 
Bin Diameter Cost per Tonne Treatment Capacity Ozone Generators 
(m) ($/MT) (MT/h) # 
16.46
 
2.3 31.1 3 
18.29
 
1.9 38.4 3 
20.12 1.2 46.4 2 
21.95 1.0 55.3 2 
 
The Laidig reclaim systems are typically used to move powder type commodities, 
i.e., soybean meal and DDGS, that are stored in silo tanks with sealed flat bottom floors 
(no aeration system).  Therefore, the challenge of using a silo tank with a Laidig reclaim 
system as a semi-continuous counterflow treatment system would be the installation of a 
perforated floor for aeration (Figure C.2-1) in order to properly and uniformly move the 
ozone from the plenum into each layer of the grain mass.  
6.4.2.2. Optimal Treatment Cycle Time for a Fixed Treatment Amount of 
Grain Using One Ozone Generator 
The results for the treatment of 1,272 MT of grain using bin diameters of 7.31, 
10.97 and 14.63 m with one ozone generator of a capacity  2,000 g/h showed that the 
optimum treatment cycle times were 7.4, 4.8 and 3.5 hours, respectively (Table 6-9). 
These results showed that it is possible to use only one ozone generator to treat grain in 
the semi-continuous system by increasing the treatment cycle time of each of the treated 
layers. This increase in treatment cycle time would allow each grain layer during the 
steady-state to be exposed to ozone for a longer time which would result in an increase in 
CTP. However, this would cause a substantial increase in the total treatment time. This 
would be a concern for a grain storage facility manager especially when treating larger 
amounts of grain that need to be moved through the treatment system quickly for sale or 
transfer to another storage facility.  
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Table 6-9. Optimal cycle time, cost and capacity when treating 1,272 MT of grain using 
an ozone generator with a capacity of 2,000 g/h in a semi-continuous counterflow system. 
Bin Diameter Treatment Cost Treatment Capacity Treatment Cycle Time 
(m) ($/MT) (MT/h) (h) 
7.31
 
25.4 1.2 7.4 
10.97
 
 7.6 3.9 4.8 
14.63 3.3 5.3 3.5 
 
Using only one ozone generator showed that when bin diameters were increased 
from 7.31 to 10.97 m and 10.97 to 14.63 m, the treatment cycle times reduced by 35.1 
and 27 %, treatment costs reduced by 35 and 27%, and treatment capacities increased by 
236 and 136%, respectively. Therefore, reduction in treatment cycle time is not directly 
proportional to reduction of treatment cost and not inversely proportional to increase in 
treatment capacity.  These results showed that treatment cost depends also on other 
variables besides treatment cycle time such as fan capacity needed for each bin diameter 
(electrical cost) and amount of airflow used which affects the overall ozone concentration 
in the treatment system. 
The comparison for each of the bin diameters (i.e., 7.31, 10.97 and 14.63 m) when 
treating the same amount of grain (1,272 MT) at the same conditions showed that using 
only one generator with a capacity of 2,000 g/h and a higher treatment cycle time resulted 
in an increase in treatment cost per metric tonne of 24, 21 and 17%, respectively. This 
increase in treatment cost was accompanied by a substantial decrease in capacity that 
made the treatment system less efficient primarily due to the increase in cycle times to 
treat 1,272 MT. The electrical consumption of using multiple ozone generators offsets the 
electrical consumption of running one ozone generator and the aeration fans for a longer 
time. Therefore, based on these results it can be assumed that until higher capacity ozone 
generators are available commercially, the best option to reduce cost while operating a 
semi-continuous counterflow treatment system is to connect multiple ozone generators to 
the treatment system. 
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6.4.3. Continuous Flow Ozonation Treatment System 
6.4.3.1. Optimal Diameter of Modified Conveyor for Different Conveying 
Capacities 
An economic and scale-up analysis was developed to determine the optimum 
conveyor diameter for the lowest cost per metric tonne using different conveying 
capacities when treating a fixed amount of grain of 1,272 MT and a fixed conveyor 
length of 9.14 m. The conveying capacities for the analysis were between 6.4 to 50.9 
MT/h. They were chosen in the lower range of grain conveying capacities of on-farm 
grain handling equipment (Midwest Plan Service, 1987) to allow the ozone to move and 
interact more freely with the grain while being conveyed.  
The analysis showed that for each conveying capacity of 6.4, 12.7, 19.1, 25.5, 
38.1 and 50.9 MT/h the optimal conveyor diameters were 0.30, 0.41, 0.51, 0.61, 0.71 and 
0.81 m with a lowest cost per metric tonne of 4.7, 2.4, 1.6, 1.2, 0.8 and 0.6 $/MT, 
respectively (Figure 6-3). The optimal conveyor diameter that resulted in the lowest 
treatment cost per metric tonne for each conveying capacity was determined when only 
one ozone generator was needed in order to reach the desired CTP of 3,600 ppm-h. Usage 
of larger diameters would have a slightly higher treatment cost due to a slight increase in 
electrical cost caused by the use of bigger capacity motors in the loading and unloading 
system of the continuous flow setup. Increasing the diameter beyond the optimal size can 
potentially cause grain quality loss due to the mechanical damage caused when moving 
grain in an oversized conveyor that is not operating at full capacity (Midwest Plan 
Service, 1987). No effect was found that could potentially increase the ozone treatment 
efficacy when using a modified conveyor beyond its optimal diameter. However, using a 
greater capacity conveyor can cause leakage (and thus waste) of ozone at the end of the 
conveyor into the environment because less organic material (grain) would be available 
to interact with ozone as it is moved through the conveyor. To avoid this leakage, an 
ozone destruct system could be adapted at the end of the conveyor to capture and degrade 





Figure 6-3. Continuous flow treatment cost per metric tonne for six conveyor diameters 
and six conveying capacities at a fixed conveyor length of 9.14 m and treatment amount 
of 1,272 MT. 
Based on these results, as the conveyor diameter increased, treatment cost per 
metric tonne decreased non-linearly.  This non-linear reduction in treatment cost was 
caused by the increased amount of grain forced through the conveyor which spread the 
treatment cost across more grain per hour in the same conveying system.  
6.4.3.2. Optimal Length of Modified Conveyor for Different Conveying 
Capacities 
For a conveyor diameter of 0.41 m (16 in), the results showed that for each 
conveying capacity of 6.4, 12.7, 19.1, 25.5, 38.2 and 50.9 MT/h, the optimal conveyor 
lengths were 4.15, 8.27, 12.37, 16.55, 24.83 and 33.10 m (13.6, 27.1, 40.6, 54.2, 81.3 and 
108.4 ft) with a lowest cost per metric tonne of 4.7, 2.4, 1.6, 1.2, 0.8 and 0.6 $/MT, 
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respectively (Figure 6-4).  The lowest treatment cost for each conveying capacity was 
determined when only one ozone generator with a capacity of 2,000 g/h was needed to 
treat the grain. In Figure 6-4, it is shown that after the optimal treatment cost was 
reached, as the modified conveyor length increased, the treatment cost remained constant. 
An increase in the length of the modified conveyor would result in an increase of its 
internal volume that will allow the grain to interact for more time with ozone making the 
process more economical because less ozone will be needed in order to reach the desired 
CTP. However, the increase in the length of the modified conveyor can potentially 
expose the grain to more mechanical damage due to the extra handling. Also, a lengthy 


























Conveyor  Length (m)
Conveyor Capacity 6.36 MT/h
Conveyor Capacity 12.72 MT/h
Conveyor Capacity 19.09 MT/h
Conveyor Capacity 25.46 MT/h
Conveyor Capacity 38.18 MT/h
Conveyor Capacity 50.91 MT/h
 
Figure 6-4. Continuous flow treatment cost per metric tonne for different conveyor 
lengths and six conveying capacities at a fixed conveyor diameter of 0.41 m and 
treatment amount of 1,272 MT of grain. 
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In general, the greater the conveying capacity, the lower the treatment cost per 
tonne, but a longer length modified conveyor will be needed in order to have enough 
volume and treatment time available for the ozone to react with the grain and reach the 
desired CTP. The movement of more grain through the modified conveyor at a time 
would potentially make the process more efficient. The two main limiting factors of the 
system are the modification of the treatment time and the limiting ozone producing 
capacity of commercially available generators.  
6.4.4. Comparison of Ozonation Treatment Systems 
Comparing between the three ozonation systems for treating 1,272 MT of grain 
showed that the optimal treatment system (Table 6-10) was the continuous flow because 
it predicted the lowest treatment cost compared to the fixed bed and semi-continuous 
counterflow ozonation treatment systems. The advantages of the continuous flow 
ozonation system include a higher treatment capacity due to the use of higher ozone 
concentrations and continuous movement of grain while it is being mixed with ozone by 
a tumbling effect making it a faster treatment process. In the continuous ozonation 
system, ozone is introduced directly into the modified conveyor allowing it to be in 
contact directly with grain. This avoids further dilution of the ozone with air compared to 
the fixed bed and semi-continuous counterflow systems. In these two systems, airflow 
from the aeration fans is used to move ozone through the grain mass which causes 
dilution in concentration before interacting with grain. A disadvantage of the continuous 
flow system is that exposure to higher ozone concentrations can potentially cause more 
severe corrosion and deterioration on the inside of the modified conveyor. This can result 
in a shorter life of the equipment when compared to the other two ozone treatment 
systems.  Also, given that ozone’s MSDS labels it as “poisonous gas” (OSHA, 2006) and 
due to its high toxicity, using higher concentrations without proper control and sealing of 
the modified conveyor could become a greater health risk to operators and by-standers 
including animals. 
The advantages of the semi-continuous counterflow ozonation system include 
reaching higher ozone concentrations due to treatment of grain in small batches (grain 
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layers of 0.3 or 0.6 depth) inside the treatment bin and higher treatment capacity due to 
the faster movement of grain through the treatment bin in a semi-continuous flow made 
while treating it with ozone in a counterflow flow pattern.  
This comparison of the three treatment systems was based solely on operating 
costs (electrical and generator rental costs) using the semi-continuous counterflow and 
continuous flow treatment systems at the similar treatment capacity of 24.6 and 25 MT/h, 
respectively,  and the fixed bed treatment system at 23.2 MT/h. In the spreadsheet of the 
fixed bed treatment system, treatment capacity cannot be adjusted because it is a resulting 
variable calculated from the amount of treated grain divided by the treatment time. 
Therefore, in the fixed bed treatment system when using a bin diameter of 14.63 m, the 
only way to reach a treatment capacity of 25 MT/h would be to increase the amount of 
treated grain from 1,272 to 1,370 MT but that would change other parameters used for 
comparison.  
When comparing the treatment capacity between fixed bed and semi-continuous 
counterflow ozonation systems of 25 and 23.2 MT/h, it showed a decrease of 7.2 %. This 
demonstrates that when both systems have the same bin diameter, the semi-continuous 
counterflow ozonation system would result in faster treatment due to the higher treatment 
capacity. The comparison in treatment time between all three systems showed a higher 
value of 55 hours for the fixed bed treatment system compared to 52 and 51 hours for 
semi-continuous counterflow and continuous flow treatment systems, respectively. This 
extra 4 hours of treatment time for the fixed bed treatment system resulted in higher 
operating cost due to the electrical cost of running the ozone generator for a longer time 
when compared to running the ozone generator for the continuous flow ozonation 
treatment system. 
The comparison of the three ozonation treatment systems did not take into 
account the initial cost of purchasing or installing any of the equipment. However, it 
seems more likely that a farm or grain storage facility would have a conveyor that could 
be converted into a continuous flow treatment system, or a grain bin that could be used as 
a fixed bed treatment system. In comparison, a semi-continuous counterflow treatment 
164 
 
system would require the purchase of a tapered unloading auger system for installation in 
a bin.  
Table 6-10. Summary of minimum treatment cost per tonne among three ozonation 
treatment systems when treating 1,272 MT and using one ozone generator with a capacity 








for 1,272 MT 
  ($/MT) (MT/h) (h) 
Continuous Flow Diameter: 0.41 m & 
length: 16.49 m 
1.21 25.0 51 
Fixed Bed Diameter: 14.63 m 1.33 23.2 55 
Semi-Continuous 
Counterflow 
Diameter: 14.63 m 2.72 24.6 52 
6.4.5. Comparison of Ozonation versus Phosphine Fumigation versus Grain Chilling 
Comparing the treatment cost per tonne of 1.21 $/MT for the optimal ozonation 
treatment system (i.e. ,continuous flow ozonation system) with the only commercially 
known treatment cost per metric tonne of 3.14 $/MT (Johnson, 2010) showed that the 
commercial treatment cost was 159% more expensive than predicted for the continuous 
flow treatment system of this study. No feedback was obtained on how the commercial 
treatment cost per tonne was developed, but it can be assumed that a profit value and a 
depreciation cost of the equipment were included. At the same time, no information was 
obtained on how their treatment method or system worked except that it was a fixed bed 
treatment system and most likely used for off-odor removal.  
The comparison between the treatment cost per tonne of the optimal ozonation 
treatment system (i.e., continuous flow ozonation system) with contract fumigation as an 
insect infestation eradication technique showed that contract fumigation had a lower cost 
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per metric tonne. The continuous flow ozonation treatment system was 55% more 
expensive than contract fumigation.  
Comparing the treatment cost per tonne of the continuous flow ozonation system 
with ambient aeration and grain chilling as preventive techniques for reducing insect 
activity and development showed that the optimal ozonation treatment system was 29 and 
43% less expensive than ambient aeration and grain chilling, respectively.  
The usage of ozone cannot fully replace the advantages of ambient aeration such 
as lowering grain temperature but it can help prevent or reduce mold growth 
(McDonough et al., 2011). Ozonation is not a direct replacement for contract fumigation 
which can achieve 100% insect kill in grain. However, recent research indicates that 
ozonation may be more effective against internal infesters than previously reported 
(Hansen et al., 2012). Ozonation relies on the use of electrical generators for on-site 
production. This increases the cost to a point where it remains unlikely to replace contract 
phosphine fumigation or ambient aeration anytime soon. Ozonation has a practical 
advantage as it can be used with organic grains as one of the synthetics allowed for 
surface sterilization purposes which contributes to food safety (NOSB, 2011). 
Grain chilling has the same advantage as ozonation as it can be a more effective 
pest suppression technique than ambient aeration and it can be used with organic grains. 
However, it also has the same disadvantage as any of the three ozonation treatment 
systems because it consumes high amounts of electricity.  
The comparison between the ozonation treatment systems with the three pest 
control techniques did not include any purchasing or installation costs of the equipment. 
Also, it did not include any labor or additional cost for auxiliary equipment like ozone 
monitoring and safety equipment. The cost was based solely on operating costs. Also, the 




Table 6-11. Summary of the minimum treatment cost per tonne between continuous flow 
ozonation, ambient aeration, contract fumigation, and grain chilling when treating 1,272 
MT. 
 Treatment Cost Units 
Contract Fumigation 0.78 $/MT 




Grain Chilling 2.13 $/MT 
6.4.6. Case Studies Analysis for Usage of Ozonation in Grain Treatment  
Three case scenarios were developed to analyze the comparison of using 
ozonation for grain treatment against traditional techniques for potential insect infestation 
in food grade maize in southern Indiana, potential insect infestation in hard red winter 
(HRW) wheat in central Kansas, and off-quality sorghum in an export facility in southern 
Texas. 
6.4.6.1. Case Scenario 1: Food Grade Maize 
Food grade maize in the amount of 254 MT from a farm located in southern 
Indiana will be sold to a commercial food grade processing facility (Azteca Milling in 
Evansville, IN) with a contract to be delivered by late July of the following year the food 
grade maize was harvested. The goal is to prevent insect development during the storage 
period and to eradicate any potential infestation of live adult red flour beetle (RFB) and 
maize weevil (MW) insects before the grain is delivered to the food grade processing 
facility. The food grade maize is harvested at 18% moisture content, pre-cleaned to 
remove any broken corn and foreign material (BCFM) and then in-bin dried at low 
temperature to reduce the moisture content to 14.5 to 15% for safe storage. After drying, 
the food grade maize is aerated to cool it below 15ºC which prevents any potential insect 
growth (Reed, 2006). Before delivery, the grain is subject to one of two options to assure 
100% adult insect eradication, i.e., ozonation or phosphine fumigation. The comparison 
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was based on the economic analysis of each treatment, and the advantages and 
disadvantages of using each treatment were described. Figure 6-5 describes the flow of 
the food grade maize from harvest through a typical farm bin setup before it is delivered 
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Ozonation/Phosphine Fumigation
(Mid-July)
Maintenance aeration to remove 








Figure 6-5. Flow of food grade maize on a farm from harvest to delivery to the grain 
processing facility. 
6.4.6.1.1. Option 1: Phosphine Fumigation 
Phosphine fumigation was chosen as the traditional treatment to eradicate all live 
RFB and MW adult insects. The treatment cost per metric tonne for contract phosphine 
fumigation is 0.78 $/MT (Table 6-11). Phosphine fumigation was performed by a 
contractor on-farm inside the food grade maize storage bin that had a 9.14 m diameter, a 
7.44 m peak height, and a 279 MT holding capacity. The phosphine fumigation took 
place in mid-July (Figure 6-5), therefore the ambient temperature was on average above 
20ºC. Based on Degesch America (2011), phosphine application time when ambient 
temperatures are above 20ºC should be 72 h plus 48 h for aeration to dissipate any 
phosphine residual odor. Therefore, the total treatment time was 120 h (72 h + 48 h = 120 
h).  The treatment process only involved the use of the storage bin, a grain cleaning 
system to separate the dead insects and any broken corn and foreign material (BCFM), 
and at least two grain conveyors (Figure 6-6) with rated capacities of at least 25 MT/h to 







Figure 6-6. Set-up for phosphine fumigation treatment process with grain transfer from 
bin to cleaner and into truck. 
6.4.6.1.2. Option 2: Ozonation Treatment 
A continuous flow ozonation treatment system was chosen as the ozonation 
treatment to eradicate all live RFB and MW adult insects because it has the lowest 
treatment cost per metric tonne when compared to the other two ozonation treatment 
systems. The specifications of the continuous flow ozonation treatment system were 
taken from Table 6-10. The modified conveyor had a 0.41 m diameter and a 16.49 m 
length. The treatment cost per metric tonne is 1.21 $/MT with a capacity of 25 MT/h of 
maize.  
The capacity to treat the food grade maize was based on the treatment capacity of 
the continuous flow ozonation treatment system. Therefore, the treatment of 254 MT of 
food grade maize took 10.1 h (254 MT / 25 MT/h = 10.1 h). The treatment of the food 
grade maize involved moving the grain out of the storage bin for treatment into the 
modified screw conveyor. Since continuous flow ozonation involved a continuous 
movement of grain it was transferred directly into the continuous flow grain cleaner. It 
was assumed that ozone odor in the grain will dissipate as a result of exposing the 
ozonated grain to airflow within the grain cleaner. The treatment process involved the use 
of a storage grain bin, a grain cleaning system to separate the dead insects and to remove 
the ozone odor from the grain, and at least two grain conveyors (Figure 6-7) with rated 
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Figure 6-7. Set-up for ozonation treatment process with grain transfer from bin to cleaner 
into truck. 
6.4.6.1.3. Treatment Cost Analysis 
The total costs of the contract phosphine fumigation treatment consists of the cost 
of contract fumigation (0.78 $/MT) that includes the cost of aeration for phosphine odor 
removal for 48 h, the cost of grain cleaning at 25 MT/h plus the cost of running two grain 
conveyors at 25 MT/h. The total cost of the ozonation treatment consists of the cost of 
treating with a continuous flow ozonation system (1.21 $/MT), the cost of grain cleaning 
at 25 MT/h, and the cost of running two grain conveyors at 25 MT/h. Both treatment 
systems used the same grain cleaning system and the same two grain conveyors. In the 
ozonation treatment system, there was no cost for storing the ozonated grain for aeration 
in the second bin because it was assumed that the grain bin was empty with no use in 
order to be ready for storing new crop after harvest. Therefore, the only difference in cost 
between the two options was the treatment cost per metric tonne. The treatment cost for 
the continuous flow ozonation system of 1.21 $/MT is 35% higher than the treatment cost 
for contract phosphine fumigation of 0.78 $/MT. Therefore, without taking into account 
any advantages or disadvantages of using either system, contract phosphine fumigation is 





6.4.6.1.4. Advantages and Disadvantages of Ozonation Treatment versus Phosphine 
Fumigation 
There are several advantages and disadvantages of using ozonation instead of 
contract phosphine fumigation. The advantages are: 
 The use of ozonation in a continuous flow treatment system has been proven to 
achieve 100% insect mortality, but it has also shown to have potential 
effectiveness to reduce mold on the surface of maize kernels (McDonough et al., 
2011; Campabadal et al., 2013) and in fixed bed laboratory setups reduction of 
microorganisms including mold and mycotoxins (Strait, 1998; Mendez et al., 
2003). Overall ozone has the ability to react against many other organic materials 
present on the surface of grain kernels with a sterilization effect therefore 
reducing any potential contamination by any other microorganisms including 
bacteria (Graham, 1997; Khadre et al., 2001; Campabadal et al., 2013).   
Phosphine fumigation will eradicate any insect pest that can damage the kernels. 
In many cases the damage in the germ and endosperm of the kernel allow mold to 
enter faster into the kernel which usually results in a faster growth. 
 Treatment of the 254 MT of food grade maize is about 92% faster using 
continuous flow ozonation (i.e., 10.1 h) compared to phosphine fumigation (i.e., 
120 h = 72 h of treatment plus 48 h of aeration).  
 The use of ozone in food grade grain has the potential to be less of a concern to 
the processor or consumer because it does not leave any residue on the treated 
grain because it decomposes rapidly into oxygen (Khadre et al., 2001; Mendez et 
al., 2003; Campabadal et al., 2013). Phosphine fumigation usually does not leave 
any residue, but in some cases if pellets or tablets are not totally degraded it can 
potentially leave harmful residues (Degesch America, 2011). 
 In the United States, ozone has been regulated as a non-chemical and 
environmentally friendly product (EPA, 1999). It has been approved as Generally 
Recognized as Safe (GRAS) for sanitation and sterilization purposes (FDA, 2001; 
Campabadal et al., 2013). At the same time, it has been labeled as one of the 
synthetics allowed for sterilization purposes in organic grains (NOSB, 2011). 
171 
 
Phosphine is categorized as an acutely hazardous chemical that requires special 
handling and application skills and in some locations licenses for application 
(Degesch America, 2011). 
 Ozone does not require transportation to the treatment site. It has the advantage 
that it can be generated on-site using electrical generators. After treatment, it will 
decompose into oxygen; therefore there is no need to use any disposal method for 
any potential leftover ozone (Strait, 1998; Campabadal et al., 2013). On the other 
hand, phosphine as a liquefied compressed gas or as a solid in tablets or pellets 
requires special care during transportation. After treatment, unreacted or partially 
reacted phosphine will need special care and specific instructions by state or 
federal authorities for proper disposal exist (OSHA, 2006; Degesch America, 
2011).  
 No studies have shown that stored grain insects have developed resistance to 
ozone treatment, but Sousa et al. (2008) showed that phosphine-resistant stored 
grain insects are susceptible to ozone treatment. Therefore, ozone has the 
advantage that it can be used as an alternative for locations where phosphine-
resistant insects are a concern.  
 Both phosphine fumigation and ozonation are toxic and dangerous for humans 
(OSHA, 2006; Degesch America, 2011). Therefore, their application requires 
using proper personal protection equipment (PPE) and effective monitoring 
equipment to measure any possible leaks at the treatment sites (grain bins or 
modified screw conveyors).  
 
The disadvantages of using ozonation are: 
 It has been observed that due to ozone’s powerful reactive nature, after long 
exposures at high concentrations, it can oxidize metals causing corrosion and 
potential damage to the modified screw conveyor or any metal structures where it 
is applied. Phosphine’s Material Safety Data Sheet (MSDS) does not classify it as 
corrosive to metal except for copper. Therefore, it can be assumed that it does not 
cause any corrosion or damage to t metal bin structures where it is applied. 
172 
 
 Ozonation of grains for stored product protection is a new technology that has 
only been studied since the 1990s and its commercial application has been used 
just for a few years. Therefore, the technology to use it, its safety concerns, and its 
treatment results are less understood compared to phosphine fumigation that has 
been widely used for more than 60 years all around the world. 
 The production of ozone requires electrical generators that have complex 
mechanisms and electronic equipment connected to several devices. If a problem 
occurs when running the generators during treatment, it will usually require 
trained personnel in order to fix it. Therefore, its complexity makes ozonation 
treatment a more difficult technology to use compared to phosphine fumigation 
which requires less equipment and normally no electrical power. 
 The current commercially available ozone generators have limited ozone 
producing capacity. Therefore, for treating higher quantities of grain (above 254 
MT) more generators are needed. That can result in a complex setup of the 
treatment system. On the other hand, to treat larger quantities of grain (above 254 
MT) with phosphine fumigation the only thing needed is to increase the number 
of pellets or tablets in order to reach the required concentration for proper 
treatment and to have the optimal size of the bin to avoid the use of excess 
amounts of phosphine. 
In general, both treatment systems have advantages and disadvantages that can help in 
making a decision which treatment system to choose. 
6.4.6.2. Case Scenario 2: Hard Red Winter Wheat 
HRW wheat in the amount of 254 MT from a farm located in central Kansas will 
be sold on contract to a flour mill (Horizon Milling in Newton, KS) to be delivered by 
mid-October before the harvest of fall crops. The goal is to eradicate any potential 
infestation of live adult RFB and MW insects before the grain is delivered to the flour 
mill. The scenario is the following: HRW wheat is harvested between 11.5 to 13.5% 
moisture content which is in the safe storage range typically used in central Kansas. 
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Therefore, there is no need to dry the wheat. It is assumed that air temperatures were 
above 23ºC which is too high for aeration (Reed, 2006). Thus, insects will infest the 
wheat during summer storage. Aeration is not used until early fall to reduce grain 
temperatures and slow insect development. Before delivery, the HRW wheat is subject to 
one of two options to assure 100% adult insect eradication, i.e., a combination of grain 
chilling and ozonation versus a combination of ambient aeration and phosphine 
fumigation.  The comparison was based on the economic analysis of using each 
combination of treatments, and the advantages and disadvantages of each combination of 
treatment were described. Figure 6-8 describes the flow of wheat from harvest through a 
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Figure 6-8. Flow of wheat on a farm from harvest to delivery to the flour mill. 
6.4.6.2.1.Option 1: Ambient Aeration and Phosphine Fumigation 
A combination of ambient aeration to reduce the growth of the insect population 
and application of phosphine fumigation to eradicate all live RFB and MW adult insects 
before delivery was chosen as the traditional treatment. The treatment cost per metric 
tonne for ambient aeration and contract phosphine fumigation was 1.71 and 0.78 $/MT, 
respectively (Table 6-11). Ambient aeration and phosphine fumigation were performed 
on-farm in a HRW wheat storage bin that had a  9.14 m diameter, a 7.44 m peak height, 
and a 279 MT holding capacity. Ambient aeration took place between late September to 
early October where air temperatures can reach values cooler than 23ºC (Arthur and 
Flinn, 2000). Assuming the HRW wheat test weight was 60 lb/bu (750 kg/m
3
) and 
airflow rate of 0.1 cfm/bu (approximately 0.1 m³/min-tonne), the total aeration cycle 
would be 150 h (MWPS-29, 1999). Phosphine fumigation took place in early October 
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with ambient temperature assumed to be on average above 20ºC. Based on Degesch 
America (2011), phosphine application time in grain bins with ambient temperatures 
above 20ºC should be 72 h plus 48 h for aeration to dissipate any phosphine residual 
odor. Therefore, the total treatment time for aeration and phosphine fumigation was 270 h 
(ambient aeration: 150 h + phosphine fumigation: 120 h + aeration for phosphine odor 
dissipation: 48 h = 318 h).  The treatment process only involved the use of the storage 
bin, a grain cleaning system to separate the dead insects and any BCFM, and at least two 
grain conveyors (Figure 6-9) with rated capacities of at least 25 MT/h to avoid any 




Figure 6-9. Set-up for ambient aeration and phosphine fumigation with grain transfer 
from bin to cleaner and into truck. 
6.4.6.2.2. Option 2: Grain Chilling and Ozonation Treatment 
A combination of grain chilling to reduce the growth of the insect population 
during the storage period throughout the summer and continuous flow ozonation 
treatment to eradicate all live RFB and MW adult insects was chosen as the second 
option to treat on-farm stored HRW wheat. The specifications of the continuous flow 
ozonation treatment system were taken from Table 6-10.  The modified conveyor had a 
0.41 m diameter, a 16.49 m length and a 25 MT/h treatment capacity. The stored wheat 
was chilled to 15ºC (Rulon et., 1999; Maier and Rulon, 1996) once shortly after harvest 
in a bin that had a 9.14 m diameter, a 7.44 m peak height, and a 279 MT holding 
capacity. Given that grain is a good insulator it was assumed that one cycle suppressed 
insect development sufficiently well until the fall. The treatment cost per metric tonne for 
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grain chilling and continuous flow ozonation were 2.13 and 1.21 $/MT, respectively 
(Table 6-11).  
The treatment time for the HRW wheat using the grain chilling system was based 
on the aeration cycle time for ambient aeration of 150 h obtained from MWPS-29. It was 
determined based on the assumption that the HRW wheat test weight was 60 lb/bu (750 
kg/m
3
) and airflow rate of 0.1 cfm/bu (approximately 0.1 m³/min-tonne). The total 
treatment time for applying grain chilling (150 h) and continuous flow ozonation (254 
MT / 25 MT/h = 10.1 h) for 254 MT of HRW wheat was 160.1.1 h (150 h + 10.1 h = 
160.1 h). The treatment of the HRW wheat involved moving the grain out of the storage 
bin for treatment in the modified screw conveyor and from there into the continuous flow 
grain cleaner. It was assumed that ozone odor in the grain will dissipate as a result of 
exposing the ozonated grain to airflow within the grain cleaner. The treatment process 
involved the use of a storage bin, a grain cleaning system to separate the dead insects and 
any BCFM, and at least two grain conveyors (Figure 6-10) with rated capacities of at 











Figure 6-10. Set-up for grain chilling and ozonation treatment process with grain transfer 
from bin to cleaner and into truck. 
6.4.6.2.3. Treatment Cost Analysis 
The total treatment cost for option 1 of the combination of ambient aeration and 
contract phosphine fumigation consists of the cost of ambient aeration (1.71 $/MT), 
contract fumigation (0.78 $/MT) that includes the cost of aeration for phosphine odor 
removal for 48 h, the cost of grain cleaning at 25 MT/h plus the cost of running two grain 
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conveyors at 25 MT/h. The total treatment cost for option 2 of the combination of grain 
chilling with ozonation treatment consists of the cost of grain chilling (2.13 $/MT), 
continuous flow ozonation (1.21 $/MT), the cost of grain cleaning at 25 MT/h plus the 
cost of running two grain conveyors at 25 MT/h. Both treatment systems use the same 
grain cleaning system and the same two grain conveyors. The only difference in cost 
between the two options is the sum of the treatment costs per metric tonne. For option 1, 
the treatment cost per metric tonne is 2.49 $/MT (ambient aeration: 1.71 $/MT + 
phosphine fumigation: 0.78 $/MT = 2.49 $/MT). For option 2, the treatment cost per 
metric tonne is 3.34 $/MT (grain chilling: 2.13 $/MT + continuous flow ozonation: 1.21 
$/MT = 3.34 $/MT), which is 25%. Therefore, without taking into account any 
advantages or disadvantages of using either system, the combination of ambient aeration 
and contract phosphine fumigation is the more economical option for eradicating adult 
insects from stored HRW wheat before delivery. 
 
6.4.6.2.4. Advantages and Disadvantages of Option 1 versus Option 2  
There are several advantages and disadvantages of using the combination of grain 
chilling and ozonation instead of the combination of ambient aeration and contract 
phosphine fumigation. Some of these advantages are similar to the ones mentioned in the 
case scenario for food grade maize. Among the advantages are: 
 The use of ozonation in a continuous flow treatment system has been proven to 
achieve 100% insect mortality, but it has also shown to have potential 
effectiveness to reduce mold on the surface of maize kernels (McDonough et al., 
2011; Campabadal et al., 2013). Therefore, with the addition of grain chilling to 
cool down the HRW wheat below 15ºC immediately after harvest and the ability 
to control the interstitial relative humidity inside the grain mass (Rulon et., 1999; 
Maier and Rulon, 1996), insect and mold growth would be expected to be 
substantially less compared to applying ambient aeration to control insect and 
mold growth in the early fall. Ambient aeration for the purpose of cooling grain 
after harvest and during the summer storage months is not feasible due to the high 
ambient temperatures in central Kansas.  
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 Treatment of the 254 MT of HRW wheat is about 50% faster using the 
combination of grain chilling and continuous flow ozonation (i.e., 160.1 h 
compared to applying the combination of ambient aeration and phosphine 
fumigation (i.e., 318 h).  
 Ozone when applied to stored grain does not leave any residue because it 
decomposes rapidly into oxygen (Khadre et al., 2001; Mendez et al., 2003; 
Campabadal et al., 2013). On the other hand, phosphine fumigation usually does 
not leave any residue, but in some cases if pellets or tablets are not totally 
degraded it can potentially leave harmful residues (Degesch America, 2011). 
There is no concern with the use of grain chilling and ambient aeration because 
they only use ambient air without the addition of any type of chemical such as an 
insecticide. 
 Ozone has been labeled as one of the synthetics allowed for sterilization purposes 
in organic grains (NOSB, 2011). Use of grain chilling for food grade or organic 
grains is one of the few techniques commercially available to effectively reduce 
insect population growth under hot and tropical weather conditions during 
storage. Phosphine fumigation is considered a chemical technique to eradicate 
insect populations (OSHA, 2006; Degesch America, 2011). Therefore, from a 
consumer’s point of view a combination of grain chilling and ozonation treatment 
would likely be viewed as more favorable and accepted for treating food grade 
grains versus using a combination of ambient aeration and phosphine fumigation. 
 
 The disadvantages of using a combination of grain chilling and ozonation 
treatment instead of a combination of ambient aeration and phosphine fumigation are: 
 The use of grain chilling and ozonation requires electrical generators that have 
complex mechanisms and electronic equipment connected to several devices. 
They consume high amounts of electricity and require three phase power that in 




 Due to the complexity of a grain chiller and ozone generator, their operation or 
trouble shooting might require trained personnel. On the other hand, the 
application of ambient aeration is a common practice that most farmers in Kansas 
would be able to perform without further training. Also, the application of 
phosphine fumigation is a common practice that despite the fact that in some 
cases a license or proper training is required for application, it is still easier to 
conduct than grain chilling or ozonation.    
 The current commercially available grain chillers and ozone generators have a 
limited capacity. Therefore, for treating larger quantities of grain (above 254 MT) 
more units of grain chillers and ozone generators are needed. This can result in a 
complex setup in the treatment bin for grain chilling and in the modified screw 
conveyor for ozonation. On the other hand, to treat larger quantities of grain 
(above 254 MT) despite the need to have larger capacity bins, for ambient 
aeration the only thing needed is to have the aeration system (fans, aeration ducts 
and outlets) appropriately designed. For phosphine fumigation the only thing 
needed is to increase the number of pellets or tablets in order to reach the required 
concentration for proper treatment.  
In general, both treatment systems have advantages and disadvantages that can help in 
making a decision which treatment system to choose. 
6.4.6.3. Case Scenario 3: Odor-Damaged Sorghum 
Odor-damaged sorghum in one hopper car of a shuttle train in the amount of 112 
MT (holding capacity of one hopper car) is transported from northwest Texas to a grain 
export facility (ADM Galveston, Texas) by mid-July. In a single hopper car of 112 MT, 
the sorghum was off-quality before it was loaded. The goal is to reduce or dissipate the 
off-quality sorghum so the 112 MT do not fall into a lower grade which will cause a 
reduction in its economic value. The scenario is the following: 11,200 MT of #2 sorghum 
were loaded into 100-car unit train in northwest Texas with an average of 14.5% moisture 
content (which is in the range for safe storage) to be delivered at a grain export facility in 
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southern Texas. Some parts of the 112 MT of sorghum in one hopper car had mold 
growth  causing some spoilage and all the rest of the grain inside the hopper car to 
become musty smelly. At arrival to the grain export facility and after its quality was 
sampled, the 112 MT of off-quality sorghum were subject to either blending or ozonation 
to avoid more spoilage and reduce its value before it was stored on-site or shipped to a 
foreign location.  The comparison was based on the economic analysis of using the two 
techniques for off-quality grain reduction or dissipation, and the advantages and 
disadvantages of using each treatment were described. Figure 6-11 describes the flow of 
the #2 sorghum from the country elevator in northwest Texas to the port export facility in 
southern Texas.   
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Figure 6-11. Flow of  #2 sorghum from a country elevator to a port export facility where 
it is temporarily stored or loaded into an exporting vessel. 
6.4.6.3.1. Option 1: Blending of Odor-Damaged Sorghum 
It is common practice in grain exporting facilities throughout the United States to 
blend incoming grain of lower grade quality with grain of higher grade quality to avoid 
losing some economic value of the lower grade quality grain. This economic penalization 
is commonly referred to as a “discount” and applies when limits for the amount of 
damaged grain kernels in certain quality grain are exceeded. For example, based on the 
Federal Grain Inspection Service (FGIS) sorghum grading standard (GIPSA, 2013), #2 
quality sorghum may contain up to 5% damaged kernels (Figure 6-12). However, when a 
lot of grain smells musty, it is downgraded to sample grade which has the least value and 
may not even be salable. The objective of an export facility is to ship grain at the highest 




Figure 6-12. FGIS standard for sorghum grading. (Source: 
http://www.gipsa.usda.gov/publications/fgis/handbooks/grain-insp/grbook2/sorghum.pdf) 
The quality of sorghum received at an export facility depends on many factors but 
will have an economic impact based on the condition of the overall quality of the total 
crop during the same harvest year.  In years of good quality crop, meaning that there is an 
abundance of good quality grain, the discount price is usually lower when compared with 
grain from a year when there is a bad quality crop. When off-quality grain arrives at the 
export facility it is usually stored in a temporary bin or in the same hopper car (barge 
when the export facility is next to a river) before it is blended with higher quality grain. 
The blending process involves the use of several storage bins and grain handling 
equipment. Figure 6-13 shows a schematic diagram on how grain is blended. Due to the 
large size of export facilities and the common practice of blending, the temporary storage 
and handling costs are usually not accounted for. Also, the blending time is neglected 
because in an export facility grain is constantly moved from one storage bin into another 


















Figure 6-13. Schematic diagram of how grain is blended at export facilities. 
6.4.6.3.2. Option 2: Ozonation Treatment of Odor-Damaged Sorghum 
The continuous flow ozonation system was chosen to arrest mold growth in off-
quality sorghum because it has the lowest treatment cost per metric tonne when compared 
to the other two ozonation treatment systems. The specifications of the continuous flow 
ozonation treatment system were taken from Table 6-10.  The modified conveyor had a 
0.41 m diameter, a 16.49 m length and a 25 MT/h treatment capacity. The treatment cost 
per metric tonne for continuous flow ozonation is 1.21 $/MT (Table 6-11).  
The treatment of the 112 MT of off-quality sorghum involved unloading the grain 
from the hopper car into a temporary storage bin, then moving it out for treatment 
through the modified screw conveyor. Grain was not treated directly while it was 
unloaded out of the hopper car due to the low treatment capacity of 25 MT/h of the 
continuous flow ozonation system. It takes 4.5 h (112 MT/ 25 MT/h = 4/5 h) to treat 112 
MT of sorghum compared to the fast unloading process of just minutes for shuttle trains 
in export facilities. Given that continuous flow ozonation involves a continuous 
movement of grain, it was transferred out of the bin through the ozonation system and 
then directly into the continuous flow grain cleaner to separate any BCFM and to 
dissipate ozone odor in the grain as a result of exposing the ozonated grain to airflow 
within the grain cleaner. 
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The total treatment time was 4.5 h and included continuous flow ozonation (112 
MT / 25 MT/h = 4.5 h) and grain cleaning which ran parallel to continuous flow 
ozonation. The treatment process involved the use of one temporary storage bin not 
commonly used in the normal unloading process of grain at an export facility and at least 
two grain conveyors (Figure 6-13) with rated capacities of at least 25 MT/h to avoid any 















Figure 6-14. Schematic diagram of the ozonation treatment process at the export facility. 
6.4.6.3.3. Treatment Cost Analysis 
The total cost for ozonation in the export facility was 1.21 $/MT and consists of 
the cost of running the continuous flow ozonation treatment system. The cost of blending 
in an export facility during a good quality crop year is usually neglected. Therefore, 
without taking into account any advantages or disadvantages of using ozonation or 
blending the grain to reduce or dissipate off-quality sorghum, it can be assumed that in an 
export facility based on economic analysis ozonation would only be performed if the 
discounted price per metric tonne is higher than the ozonation treatment cost per metric 
tonne (discounted price > 1.21 $/MT). 
 
6.4.6.3.4. Advantages and Disadvantages of Using Ozonation Treatment versus Blending  
There are several advantages and disadvantages of using ozonation treatment 
instead of blending the grain for off-quality reduction or dissipation. The advantages are: 
 The use of ozonation has been proven to be an effective technique to achieve 
100% mortality in stored grain pests, to reduce mold grow on the surface of maize 
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kernels (McDonough et al., 2011; Campabadal et al., 2013) and anecdotally to 
remove the musty smell from odor-damaged grain in particular maize and 
sorghum (Johnson, 2010). Additionally, if the off-quality sorghum also comes in 
the hopper car with external insect infestation, ozonation can eradicate any 
present without the use of any other technique like fumigation. Blending cannot 
be used when there is an insect infestation, because it will spread the insects out 
into more grain causing a potential increase in infestation and lowering the grade 
of the good quality grain.  
 In bad quality crop years when there is an abundance of lower quality grain, the 
application of ozone due to its characteristics for off-odor removal, mold and 
mycotoxins reduction, and 100% insect mortality can help in reducing the use of 
the best quality grain for blending purposes. In this case the discount price should 
be higher than the ozonation treatment cost of 1.76 $/MT. 
 Ozone has been labeled as one of the synthetics allowed for sterilization purposes 
in organic grains (NOSB, 2011). Therefore, it can be an important option to 
reduce mold and off-odor at export facilities that handle organic grain whether 
shipped by bulk or containerized.   
 
 The disadvantages of using a combination of grain chilling and ozonation 
treatment instead of a combination of ambient aeration and phosphine fumigation are: 
 The use of blending to reduce the off-quality 112 MT of sorghum is faster than 
using the ozonation treatment system. In an export facility, grain is constantly 
moved from one storage location to another, therefore as soon as the off-quality 
grain is unloaded from the hopper car it will be quickly blended with better 
quality grain. Treatment time for ozonation in the export facility was calculated at 
4.5 h which is high considering the fast movement of grain at an export facility.   
 The use of ozonation requires electrical generators that have complex mechanisms 
and electronic equipment connected to several devices. They consume high 
amounts of electricity that in export facilities might not be easily available or 
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practical for connection. Due to the complexity of the ozone generator, its 
operation or trouble shooting might require trained personnel.  
 The current commercially available ozone generators have a limited capacity. 
Therefore, for treating higher quantities of grain more units of ozone generators 
are needed, especially if several hopper cars in an incoming train shuttle have 
spoiled grain.  
 In general, both treatment systems have advantages and disadvantages that can 
help in making a decision whether to choose ozonation or blending. 
6.5. Conclusions 
Overall, the economic and scale-up analysis for the three ozonation treatment 
systems provided a better understanding of treatment costs per tonne from an operational 
perspective without considering differences in efficacy. The scenarios for each ozonation 
treatment system showed the potential for scaling-up each one to an optimal design based 
on achieving a minimum treatment cost per tonne. The specific conclusions of this study 
were: 
 For fixed bed ozonation equipment scenario 1 resulted in an optimal bin diameter 
of 9.14 m and a minimum treatment cost of 4.0 $/MT for treating 1,272 MT of  
grain or less when using only one ozone generator of 2,000 g/h. For equipment 
scenario 2 when treating 2,575, 12,727 and 25,455 MT of grain with only one 
ozone generator in bins with 16.76, 28.65 and 35.66 m diameter showed that as 
bin diameter increased, the treatment cost per metric tonne was reduced 
proportionally to as low as 1.19 $/MT.   
 For semi-continuous counterflow ozonation equipment scenario 1 resulted in an 
optimal treatment cost of 19.4, 6.1, and 2.7 $/MT for bin diameters of 7.31, 10.97 
and 14.63 m, respectively, using three ozone generators of 2,000 g/h capacity. For 
equipment scenario 2, the optimum treatment cycle times were 7.4, 4.8 and 3.5 
hours when using one ozone generator of 2,000 g/h capacity in bins with 
diameters of 7.31, 10.97 and 14.63 m, respectively. 
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 For continuous flow ozonation equipment scenario 1 resulted in treatment cost of 
4.7 to 0.62 $/MT for conveying capacities of 6.36 to 50.91 MT/h and optimal 
conveyor diameters of 0.30 to 0.81 m. For equipment scenario 2, for conveying 
capacities of 6.4 to 25.5 MT/h, optimal conveyor lengths were 4.15 to 33.10 m 
with lowest treatment costs of 4.7 to 0.62 $/MT. 
 Overall, the continuous flow ozonation treatment system was predicted to have 
the lowest treatment cost with 1.21 $/MT compared to the fixed bed ozonation 
system (1.33 $/MT) and semi-continuous counterflow system (2.72 $/MT). 
 When compared to other pest control techniques, continuous flow ozonation was 
55% more expensive than contract fumigation, and 29 and 43% less expensive 
than ambient aeration and grain chilling, respectively. 
 Comparison for two case studies involving eradication of adult insects in stored 
grain on-farm (i.e., food grade maize and hard red winter wheat) showed that 
traditional pest control (i.e., phosphine fumigation in Indiana and ambient 
aeration plus phosphine fumigation in Kansas) had a lower treatment cost per 
metric tonne compared to the alternative techniques (i.e., continuous flow 
ozonation in Indiana and grain chilling plus continuous flow ozonation in 
Kansas). At the same time, both traditional and alternative techniques have 
advantages and disadvantages that should be considered when making a choice.   
 Comparison in the case study for blending odor-damaged sorghum from a hopper 
car at a grain export facility versus continuous flow ozonation showed that 
blending was more economically feasible as long as the discount price is below 
1.21 $/MT (treatment cost per metric tonne for ozonation at export facility). At 
the same time, both blending and ozonation have advantages and disadvantages 
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CHAPTER 7. FUTURE RESEARCH RECOMMENDATIONS 
Based on the findings of this dissertation, the following recommendations are made for 
future research:  
1. Higher capacity ozone generators or several ozone generators connected in series 
should be tested in field trials in the three different ozonation treatment systems in 
order to test the efficacy of ozone at higher treatment capacities. This should 
include higher holding capacity grain bins for fixed bed ozonation, higher 
capacity modified conveyors for continuous flow ozonation, and higher ozone 
concentrations in the plenums of semi-continuous ozonation system. 
2. Development of a reaction equation for ozone when treating a grain mass which 
should be accounted for grain quality and foreign material in order to predict its 
performance and results for any of the three ozonation treatment systems.  
3. Development of a method to quantify or measure the quality of ozone as it reacts 
with grain in order to determine whether there are external parameters that affect 
its efficacy to degrade biological material. 
4. Development of a more effective sampling technique for ozone concentration in 



























Appendix A. Figures and Tables from Chapter III 





































Figure A.1-1. Ozone concentration profile in the headspace and plenum of PHERC Bin B 
for the first phase ozonation in July 2005 and second phase re-ozonation in September 
2005 of yellow maize. For first phase ozonation the target concentration of 50 ppm in the 
plenum was not reached, and for second phase the re-ozonation target concentration of 50 

































Figure A.1-2. Ozone concentration profile in the headspace and plenum of PHERC Bin C 
for the first phase ozonation in July 2005 and second phase re-ozonation in September 
2005 of yellow maize. For first phase ozonation the target concentration of 50 ppm in the 
plenum was not reached, and for second phase the re-ozonation target concentration of 50 
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Figure A.1-3. Ozone concentration-time product (CTP) at plenum of PHERC Bin B for 
the first phase ozonation in July 2005 and for the second phase ozonation of yellow 
maize in September 2005.  For first phase ozonation the target CTP of 3,600 ppm-h was 
not reached, and for second phase re-ozonation the target CTP of 3,600 ppm-h was 
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Figure A.1-4. Ozone concentration-time product (CTP) at plenum of PHERC Bin C for 
the first phase ozonation in July 2005 and for the second phase ozonation of yellow 
maize in September 2005.  For first phase ozonation the target CTP of 3,600 ppm-h was 
not reached, and for second phase re-ozonation the target CTP of 3,600 ppm-h was 
reached after 50 hours. 
Appendix A.2. Air Velocity Calculations at the Popcorn Ozonation Trial in 2006 
Following are the formulas and calculations for the air velocity delivered by the fan from 
the treated bin at popcorn ozonation trial in 2006: 
 
         Cylindrical Area (A) = (Diameter/2)^2 * π                   (A.2.-1) 
 
   Airflow (Q) = A * Air velocity                  (A.2.-2) 
 
 Bin at popcorn storage and processing facility, diameter: (36 ft = 432 in) 
 
 Air velocity measurement at fan transition part: 7.32 m/s = 1441 ft/min 
 
 Fan transition part diameter: 24 in = 2 ft = 0.61 m 
 








Af = 3.14 ft
2
 




Using equation (2), airflow at fan transition part is calculated as following: 
 
Qf = 3.14 ft
2
 * 1,441 ft/min  
Qf = 4,525 ft
3
/min (cfm) 




Assuming airflow coming out to fan transition part is the same as the airflow coming 
from the grain mass into the plenum inside the bin, Qf = Qb then using equation (1) and 
(2), the air velocity of the grain mass was calculated as following: 
 
Ab = (36/2 ft)^2 * π 
Ab = 324 ft
2
*3.14 
Ab = 1,017.4 ft
2 
Ab = 94.52 m
2 
 
Qb = Ab*vb 
Qb = 1,017.4 ft
2
 * vb 
 
vb = 4,525 ft
3
/min / 1,017.4 ft
2 
vb = 4.45 ft/min  
vb = 0.022 m/s 
 
Air velocity at the top of the grain mass was 0.022 m/s 
 
 
Appendix A.3. Ozonation Trials with Organic Maize in 2005 
The trials at the organic maize storage and processing facility were performed in a 
78-tonne hopper bin in September 2005 using a recirculation system. The target ozone 
concentration of 50 ppm was achieved after six days (144 hours) of ozonation and held 
for three days thereafter (Figure A.3-5.). The insect bioassay results showed 100% 
mortality for MW and 96% for RFB at the fan transition (Table A.3-1.). The RFB control 
bioassay had less than 16% mortality while the MW control bioassay had an 
unexplainable high mortality of 43%. No insect bioassays were placed inside the grain 
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mass because of bin entry safety and grain sanitation concerns by the grain processing 
facility manager. A second ozonation was not performed because the organic maize was 
subsequently delivered for processing. 
The organic maize was subsequently used for masa milling and the process 
confirmed that end use quality was unaffected by the exposure to ozone showing the 
same characteristics of the end-use product without any treatment. The quality data is 
proprietary to the milling company, but no effect on the end-use product implied that 
ozone did not penetrate through the pericarp into the kernel causing an alteration of its 
chemical properties. Mendez et al. (2003) observed after ozonation laboratory trials with 
a CTP of 3600 ppm-h of conventional yellow maize no effect on the yields of the end-use 
products of dry and wet milling. Similar effect was shown by Rozado et al. (2008) where 
ozonated maize treated with 50 ppm for different exposures times from 36 to 360 hours 
did not show any effect on its physiological quality. Also, Strait (1998) observed no 
detrimental effect on maize germination after ozonation treatment with CTP’s of 1680 







































Figure A.3-1. Ozone concentration profile in the headspace and plenum of organic maize 
storage and processing facility in September 2005.  
Table A.3-1. Insect mortality (%) in bioassays of maize weevil (MW) and red flour beetle 
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Appendix B.  Figures, Tables, and Calculations for Chapter IV 
Appendix B.1. Figures of the Materials and Methods Section of Part 2 
Following are figures with pictures of the different components of the semi-continuous 
ozonation system. 
 
Figure B.1-1. Shivvers tapered unloading sweep auger on top of the perforated grain bin 





Figure B.1-2. Four chamber ozone generator with a rated capacity of 250 g/h of ozone 
which was used at the 2007 NEPAC and 2008 Diener Farm trials. 
 
Figure B.1-3. Ozone supply lines entering bin plenum next to the 0.75 kW axial fan at the 







Figure B.1-4. Ozone monitoring lines installed on a wooden board inside the NEPAC 
grain bin during August 2007 trial. 
 
Figure B.1-5. Ozone monitoring lines installed on a custom-built metal frame inside the 





Figure B.1-6. Monitoring system with ozone analyzer, data logger unit and manifold at 
NEPAC  during the August 2007 trial and Diener Farm during the June 2008 and April 
2009 trials. 
Appendix B.2. Laboratory Study to Determine the Maximum Length of the Ozone 
Monitoring Lines 
A laboratory study was performed to determine maximum length of a monitoring line to 
assure the best accuracy of the ozone concentrations readings. Three monitoring lines 
were used for each of the following lengths: 3.05 m (10 ft), 7.62 m (25 ft), 15.24 m (50 
ft), 22.90 m (75), and 30.48 m (100 ft) for a total of fifteen. 
Table B.2-1. Percentage of accuracy of ozone concentration readings measured at the 
different monitoring lines length.  
Length of Monitoring Line  
(m) 










Monitoring lines with a length of 15.24 m (50 ft) were determined to be the maximum 
allowable length for ozone concentration monitoring.  
Appendix B.3. Relationship of VFD Motor Frequency with the Fan Rotational 
Speed 
The relationship of frequency controlled by a variable frequency drive (Allen-Bradley 
PowerFlex4, Rockwell Automation, Milwaukee, WI) and fan rotational speed was 
determined using a stroboscope from the Bioenvironmental and Structural System 
Laboratory (Department of Agricultural and Biological Engineering, University of 
Illinois at Urbana-Champaign). 
Table B.3-1. Relationship of motor frequency to fan rotational speed. 
Frequency 
(Hz) 















































Figure B.4-1. Static pressure versus airflow rate for the 0.75 kW (1 hp) 3,500 rpm axial 
fan based on data provided by Sukup Manufacturing Company (Sheffield, IA). 
Appendix B.5. Airflow Calculations for the Diener Farm Bin 
Predicted airflow and horsepower requirements to aerate a 9.1 m (30 ft) diameter grain 
silo filled with maize to a depth of 2.75 m (9 ft) depth was determined using the Fans for 
Windows Software©, version 1.1 (http://www.bbe.umn.edu/Post-
Harvest_Handling_of_Crops, 1996 Minnesota Extension Service, University of 








Table B.5-1. Predicted airflow and horsepower requirements for the Diener Farm bin. 
Depth Bushels  Airflow  HP   S.P. 
 (ft) / (m)  (cfm) / (m
3
/min)  (in.H2O) 
1 / 0.30 565 565 / 16    -- 0.01 
2 / 0.61 1131 1131 / 32 0.01 0.02 
3 / 0.92 1696 1696 / 48 0.02 0.05 
4 / 1.22 2262 2262 / 64 0.06 0.10 
5 / 1.52 2827 2827 / 80 0.12 0.16 
6 / 1.82 3393 3393 / 96 0.22 0.24 
7 / 2.13 3958 3958 / 112 0.36 0.35 
8 / 2.44 4524 4524 / 128 0.55 0.47 
9 / 2.74 5089 5089 / 144 0.82 0.61 
Appendix B.6. Sterilization Effect of Ozone with No Airflow Movement at the 
NEPAC Trial 
The treatment of the NEPAC bin plenum with ozone buildup of 600 ppm without airflow 
movement for 12 hours (CTP of 7,200 ppm-h) resulted in the killing of mice most likely 
due to the intoxication with ozone. 
 
 
Figure B.6-1. Dead mice found in the sealed fan transition duct of the NEPAC grain bin 
before the start of the August 2007 trial. 
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Appendix B.7. Experimental Data Obtained at Diener Farm during July 2008 Trial 
Table B.7-1. Experimental data obtained each 15-minute interval during the semi-













 (rpm) (in.H2O) (m
3
/min) (m/s) (ppm) 
1115am 3500 0.17 49.92 0.06 14 
1130am 3500 0.17 49.92 0.06 14 
1145am 3500 0.17 49.92 0.06 8 
1200pm 2000 0.12 24.55 0.03 9 
1215pm 2000 0.12 24.55 0.03 9 
1230pm 2000 0.12 24.55 0.03 13 
1245pm 2000 0.12 24.55 0.03 14 
100pm 2000 0.12 24.55 0.03 10 
115pm 3500 0.17 49.92 0.06 8 
130pm 3500 0.17 49.92 0.06 7 
145pm 2000 0.12 24.55 0.03 11 
200pm 2000 0.12 24.55 0.03 12 
215pm 2000 0.12 24.55 0.03 11 
240pm 2500 0.14 33.84 0.04 10 
300pm 3500 0.17 49.92 0.06 8 
315pm 3500 0.17 49.92 0.06 8 
330pm 2500 0.12 33.73 0.04 12 
345pm 2500 0.12 33.73 0.04 11 
400pm 2500 0.12 33.73 0.04 10 
415pm 2500 0.12 33.73 0.04 8 
430pm 3500 0.17 49.92 0.06 7 
445pm 3500 0.17 49.92 0.06 7 
500pm 2500 0.12 33.73 0.04 8 
515pm 2500 0.12 33.73 0.04 8 
530pm 2500 0.12 33.73 0.04 9 
545pm 2000 0.12 24.55 0.03 10 
600pm 3500 0.17 49.92 0.06 8 
615pm 3500 0.17 49.92 0.06 8 
630pm 3500 0.17 49.92 0.06 7 
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Appendix C.  Figures and Calculations for Chapter VI 
Appendix C.1. Calculation of Rental Cost per Hour for the 250, 1,000 and 2,000 g/h 
Capacity Generators 
The following steps were used to calculate the rental cost of a generator on an hour basis: 
 The cost of buying the 250 and 1,000 g/h capacity generator from O3.Co 
(Johnson, 2010) was $116,000 and $250,000, respectively.  
 The cost of buying the 2,000 g/h capacity generator was $500,000 which was 
assumed from doubling the cost of buying the 1,000 g/h capacity generator. 
 It was assumed that the cost recovery of purchasing any of the three ozone 
generators can be done in 10 years.  
 It was assumed that a 10% gain was obtained per year. 
 It was assumed that the ozone generator could be use 50% of the time per year for 
a total of 4,380 hours. 
 The purchasing cost was spread in 10 years with an addition of 10% gain. 
 The purchasing cost was divided by the total of assumed hours the generator will 
be use per year which resulted in the rental cost per hour. 
 
Example on how the rental cost was calculated: 
 Ozone generator for the 2,000 g/h capacity generator with a purchase cost of 
$500,000 (Table 6-2). 
 The cost of using the generator with a 10% gain per year was $55,000 which 
comes from $500,000/10 = $50,000 + $5,000 = $55,000. 






Appendix C.2. Figure of Laidig Track-Drive Silo Unloader Reclaim System 
 
 
Figure C.2-1. Laidig System bolted silo tank with available diameters from 4.5 to 21.6 m 
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